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Abstract

:

The exploration and development of different carbon nanomaterials happening over the past years have established carbon electrodes as an important electrocatalyst for oxygen reduction reaction. Metal-free catalysts are especially promising potential alternatives for replacing Pt-based catalysts. This article describes recent advances and challenges in the three main synthesis manners (i.e., pyrolysis, hydrothermal method, and chemical vapor deposition) as effective methods for the production of metal-free carbon-based catalysts. To improve the catalytic activity, heteroatom doping the structure of graphene, carbon nanotubes, porous carbons, and carbon nanofibers is important and makes them a prospective candidate for commercial applications. Special attention is paid to providing an overview on the recent major works about nitrogen-doped carbon electrodes with various concentrations and chemical environments of the heteroatom active sites. A detailed discussion and summary of catalytic properties in aqueous electrolytes is given for graphene and porous carbon-based catalysts in particular, including recent studies performed in the authors’ research group. Finally, we discuss pathways and development opportunities approaching the practical use of mainly graphene-based catalysts for metal–air batteries and fuel cells.
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1. Introduction


In recent years, the technological revolution has been based predominantly on new materials with specific properties that could become alternatives to uneconomic and environmentally unfriendly materials. The search for new electrode materials can be ascribed to this trend; it is one of the key issues that need to be resolved regarding the construction of effective novel devices for energy storage and/or generation. The elimination of noble metals from electrodes is commonly seen as an essential technological problem to be solved in the upcoming years.



The oxygen reduction reaction (ORR) plays a vital role in those energy storage devices, such as fuel cells and metal–air batteries, whose high energy density makes them promising solutions [1,2,3,4,5]. Diverse forms of carbon materials, primarily graphene, carbon nanotubes (CNTs), amorphous carbon, and carbon nanofibers, are summarized in this paper and have been studied intensively regarding their effectiveness as electrocatalysts for ORR [6]. Carbon structures are doped with heteroatoms (e.g., boron, nitrogen, sulfur, or phosphorus) [7,8,9,10] to enhance the materials’ catalytic activity. Despite extensive knowledge of the excellent activity of heteroatom-doped carbon materials in the oxygen reduction reaction, their mechanism and the function they play in ORR are still under investigation. Theoretical studies and experimental works on nitrogen-doped graphene structures consistently demonstrate promising catalytic properties that could lead such modified materials to successfully replace platinum-based carbon catalysts. The frequently discussed substitution of carbon atoms at the edge of the graphene sheet by nitrogen gives an incomplete picture of the doping mechanism and function. Recently, experimental results have brought new insights into this topic. In the case of graphene, it has been shown that doping with nitrogen atoms causes the formation of nitrogen functional groups, not only at the edges of graphene sheets, but also built into the structure, forming pyrrolic nitrogen (N-5), pyridinic nitrogen (N-6), and graphitic nitrogen (N-Q) [11]. Thus, many problems remain to be solved [12] in the area of carbon material applicability to ORR. Due to the low catalytic activity of carbon materials in acidic solutions, further design and fabrication of new materials to be used in energy storage devices is required.



Insertion of nitrogen atoms onto the surface of graphene materials can also lead to the formation of defects, for instance, at the edges of carbon tubes and graphene planes. Another set of effects may occur upon carbonization at high temperatures, which in general increases the level of graphitization and defect dissolution. These two counter-structural effects may in parallel contribute to the change of velocity and the quantity of ORR active sites, resulting in either improvement or decay of catalytic activity in ORR. It has been proven that defects of different sorts often have significant effects on the mechanism of ORR in an alkaline medium, while an analogous effect in an acidic medium is observed less intensively [13]. It has been suggested that a higher heteroatom content level results in an increased amount of defects in the structure and contributes to improved catalytic activity [14]. Nevertheless, it is a fact that a nitrogen atom in the graphene structure couples its electron pairs together with a carbon of sp2 hybridization in the π system. The N-6 groups located in the hexahedral carbon ring are incapable of donating an electron to the delocalized π aromatic system. Conversely, N-Q groups built into the carbon atom site in the graphene plane are capable of donating an electron to the delocalized π structure [15]. Such doping is crucial for ORR improvement, since the π electrons in the hexagonal carbon rings hardly participate in the processes comprising the whole oxygen reduction reaction. Therefore, the added electrons coming from the nitrogen atom result in a higher energy density, increasing the energy level in the highest level of the carbon molecular orbital. Following the same mechanism, heteroatom dopants that exhibit an electron deficit, such as the boron atom, seek additional electrons and thus couple their orbitals in the carbon π system. Still, the problem of the most active sites is unclear. The four-electron reduction of oxygen is attributed to N-pyridine functional groups by some, while others attribute this ability to N-Q groups or the presence of both groups in the structure [16,17,18]. However, what researchers agree on is the hypothesis that the nitrogen atom affects the carbon structure, thus inducing the ability to adsorb oxygen molecules from the air by breaking the double bond in the O2 molecule [19]. While H2O molecules are produced during oxygen reduction, it is most beneficial when the electrode is hydrophobic. This avoids flooding of the electrode, which would result in blocking newly diffused oxygen molecules. The introduction of nitrogen into the structure nullifies the hydrophobic properties due to, among other things, the fact that the pretreatment of carbonaceous materials takes place with, for example, nitric acid (HNO3), which effectively contributes to the deterioration of the catalytic activity in ORR [20,21]. During the synthesis of doped carbon structures, coassembly of oxygen groups and heteroatom groups can occur, thereby producing a defective structure and reducing the hydrophobic properties of the final material. In addition, if the electrode is devoid of these properties, the electrolyte in which the test is being conducted itself can be impaired, reducing the wettability of the electrode material. As a result, electrodes have a short lifetime.



Electrocatalytic activity is affected not only by the amount of nitrogen functional groups, but also by the type (pyridinic, graphitic, or pyrrolic nitrogen) of groups present in the structure. Nevertheless, a correlation between the percentage nitrogen content and the final catalytic activity of the materials obtained is evident. As the level of nitrogen percentage increases, the catalytic activity in ORR also increases. However, it is argued that pyridinic nitrogen and graphitic nitrogen lead to an increased catalytic activity in the oxygen reduction reaction that bypasses the pyrrolic-nitrogen functional group. Even at the very introduction of nitrogen into the carbon structure of sp2, it may be found that nitrogen changes the electronic properties of the carbon atoms due to the higher electronegativity of the introduced element. This change in structure, not only electron but also geometric, increases the adsorption of oxygen molecules and makes it easier to break the bond between two oxygen atoms in an O2 molecule. As it may turn out, it is not entirely clear which nitrogen functional groups have a direct effect on catalytic activity. There are many factors that can hinder the interpretation and cause confusing hypotheses; for example, a defective structure and graphitization of carbon materials can also favorably affect the electrochemical properties in ORR [16]. The exact role of the action of N-6 and N-Q groups was attributed by Dai et al. [22], suggesting that the higher is the amount of N-6 groups, the greater it affects the increase in the initial potential, while N-Q groups affect the limiting current density in the oxygen reduction reaction. Therefore, an increased amount of these functional groups will favorably influence the final catalytic properties and the value of electrons transferred. This point is also not clear. In the pyridine nitrogen groups, which are built into the six-membered ring at the edges of the carbon structure, alkaline media can catalyze in the disproportionation of peroxide ions produced during the oxygen reduction reaction [23]. N-6 groups, due to their position, are able to donate one electron-p to the p-system in the carbon structure layers. In contrast, N-Q bonded to three neighboring atoms has the ability, due to its similar configuration with carbon, to donate electrons to the n-system [19], as shown in Figure 1.



The oxygen reduction reaction is a key reaction occurring at the cathode of certain energy storage devices (metal–air batteries and fuel cells), and as such is a crucial limiting factor that influences their performance [24]. It is therefore of critical importance to develop electrode materials that are highly stable and effective in ORR in both acidic and basic environments. Alkaline media is usually used, as acidic electrolytes can corrode the anodes in metal–air batteries, though this is also not without disadvantages [25]. In metal–air batteries, the charging and discharging processes are similar to those in fuel cells, and the metal ions are contained in the electrolyte. The oxygen reduction reaction occurring at the cathode can most generally be represented by several steps that occur in aqueous electrolytes: (a) oxygen molecules from the air adsorb and diffuse on the surface of the electrocatalyst; (b) electrons coming from the anode electrode are transported to the adsorbed oxygen molecules; (c) under the influence of electrons, a weakening of the bond occurs and thus the O=O bond is cleaved; (d) finally, OH¯ ions that had been formed in the electrolyte are removed [25,26,27]. ORR can follow a more efficient one-step pathway and exhibit a four-electron reduction of oxygen to OH¯ ions (in alkaline medium, Equation (1)) or to H2O (in acidic medium, Equation (2)), or a less efficient two-electron oxygen reduction pathway.


   O 2  + 2  H 2  O + 4  e −  → 4   OH  −    ( alkaline   medium )  



(1)






   O 2  + 4  H +  + 4  e −  → 2  H 2  O   ( acidic   medium )  



(2)







For the two-electron oxygen reduction reaction, there is a two-step process with the formation of H2O2 intermediates, their reduction (Equations (3) and (5)), and chemical disproportionation, which increases the reaction time and requires more energy; it is necessary to minimalize this type of pathway because H2O2 can be aggressive while decomposing into free radicals. In both environments, the same intermediate product is present, which needs to be reduced to OH¯ (Equation (4)) or to H2O (Equation (6)), and this does not necessarily occur in one active site. In an alkaline medium, the two-electron oxygen reduction process proceeds as follows:


   O 2  +  H 2  O + 2  e −  →   HO  2 −  +   OH  −   



(3)






    HO  2 −  +  H 2  O + 2  e −  → 3   OH  −   



(4)







In an acidic medium, the two-electron oxygen reduction reaction proceeds as follows:


   O 2  + 2  H +  + 2  e −  →  H 2   O 2   



(5)






   H 2   O 2  + 2  H +  + 2  e −  → 2  H 2  O  



(6)







The oxygen evolution reaction is the reverse of the oxygen reduction reaction that occurs in energy storage systems and devices. For the efficient operation of such devices, it is important that the electrode materials exhibit high stability and activity in both reactions. Slow kinetics in ORR and OER significantly reduce the performance of such devices. This problem is therefore widely researched and developed to produce catalysts that are stable in specific environments and also exhibit enhanced oxygen reduction and evolution activity for efficient reactions [28]. Researchers are looking for bifunctional catalysts that have the advantageous properties of both oxygen reduction and oxygen evolution simultaneously.



In this paper, we mainly focus on the recent achievements and critical issues affecting the field of metal-free carbon-based electrocatalysts for the oxygen reduction reaction and strategies of enhancing catalytic activity. We paid attention to nitrogen or codoped carbon nanostructures and the correlation between ORR activity and surface properties of the carbon nanomaterials. Finally, we offer personal perspectives and identify the main challenges that need to be addressed.




2. Metal-Free Cathode Electrocatalysts for Oxygen Reduction Reaction


2.1. Graphene-Based Electrocatalysts


The attention of scientists has recently been drawn to the rapid development of technology and thus the continuous demand for energy carriers, in particular electronic devices, electric vehicles, portable energy storage devices including lithium-ion batteries, fuel cells, and metal–air. Despite the existing vast knowledge and numerous publications reporting on the progress of research and development of the materials from which these devices are built, there are still various problems preventing the commercialization of many electrode materials [29,30]. The growing awareness of environmental protection demands the use of catalysts that are environmentally friendly as well as cheap and easy to recycle. In recent years, Zn–air-type batteries have gained particular interest. The Zn–air batteries that are to replace classical lead–acid and lithium-ion batteries demonstrate low production cost, high energy density, and specific capacity at low weight [31]. Researchers are continuously developing original solutions for electrode materials with high energy density, high current capacity, and safety in production and use. In order to meet these needs, it is important to develop new methods of obtaining these materials that will successfully replace those commercially available. The current state of knowledge confirms the uniqueness of graphene and graphene-based materials. As it is known, graphene is a material with a two-dimensional (2D) structure [32]; its thickness is the size of a single atom, so it has great potential in nanotechnology. The first synthesis was based on a simple method of peeling off layers of graphite using adhesive tape to obtain a single sheet of evenly spaced carbon atoms in the shape of a honeycomb [33]. Materials based on graphene exhibit very favorable traits; even a small amount of graphene results in high mechanical and thermal stability due to its unique mechanical properties (thermal conductivity is in the range of 3000–5000 WmK−1, while tensile strength is 42 Nm−1) [34]. A small graphene addition affects the properties of the final product; therefore, graphene is used as a composite material or electrode material to improve its catalytic properties. The activity of pristine graphene is not high compared with commercial platinum-based electrode materials [35]. Researchers are trying to find optimal conditions for the simplest possible one-step method of obtaining heteroatom-doped graphene materials. They try to improve the electrochemical properties by modifying the structure, not only by introducing heteroatoms into the graphene structure, but by using transition metal oxides and/or transition metal molecules or polymers [36,37]. A noteworthy solution for improving the catalytic activity is the use of graphene derivatives, such as heteroatom-doped graphene quantum dots showing improved activity of electrode materials not only in ORR but also in the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) as compared with commercial electrode materials (e.g., Pt/C) [38,39]. Heteroatom-doped quantum dots are generally used to achieve a synergistic effect, which results in an increase in catalytic activity due to numerous active sites, such as defects, quasiparticles, or interfaces. The observed superb ORR performance was attributed to the charge transfer between graphene quantum dots (GQDs) and graphene nanoribbon components in tight contact, along with the numerous surface/edge defects. The heterogeneous electron transfer rate can be accelerated by increasing the density of electronic states, relating to the amount of edge defects [40]. The introduction of heteroatoms into the carbon structure causes defects in the structure that supports active sites as well as electrolyte penetration, which allows oxygen better access to the structure [41]. The structure of quantum dots resembles single- or few-layer graphene due to the precursor used in production, which is usually graphene, graphene oxide (GO), or compounds with benzene structures [42]. Heteroatom-doped graphene quantum dots can be used in combination with not only carbon material, such as graphene or carbon nanotubes, but also graphene nanowires to increase the catalytic activity of potential electrode materials [43].



This chapter specifically focuses on heteroatom-doped graphene materials and the effect types of syntheses have on the doping of carbon ORR tures, which have a significant impact on the catalytic properties in oxygen reduction reaction.



2.1.1. Synthesis of Nitrogen-Doped Graphene-Based Materials via Pyrolysis Method


An up-to-date literature review proves that graphene materials, graphene-based materials, and those with graphene-like structures are all attractive materials in terms of their properties and wide applicability. The current state of knowledge assumes that there are several ways of enriching carbon materials with nitrogen or other heteroatoms; nevertheless, nitrogen has the most positive effect on catalytic properties due to its similar atomic size and similar electronegativity [44]. There are many raw materials rich in nitrogen or other heteroatoms that, upon thermal treatment, are converted into specific functional groups or volatile compounds that enhance catalytic activity. In order for specific atoms to efficiently embed themselves into graphene structures during the carbonization process, they need a favorable correlation with carbon before thermal treatment [45]. In our recent scientific reports, we have been able to develop efficient nitrogen-doped graphene-based electrode materials [46,47]. In one of the proposed synthesis methods, we used inexpensive and environmentally friendly reagents [46], employing electroexfoliation in 1 M Na2SO4 to obtain graphene sheets. Nitrogen doping of the obtained graphene structures was carried out by pyrolysis in an inert gas flow, but first, the exfoliated graphene was mixed with a nitrogen precursor, green algae (Chlorella vulgaris). The nitrogen content of the obtained nitrogen-doped graphene was equal to 1.8–2.2% at. However, despite this low level, the catalytic activity in the oxygen reduction reaction was comparable to the commercial Pt/C catalysis with 20% wt. of Pt. The number of transferred electrons (n) in ORR was equal to 3.78 for the sample carbonized at 800 °C. These materials were applied in practice in a Zn–air battery. In these research studies, it has been shown that even a low nitrogen content of less than 2% at. can already have a beneficial effect on the stability of the catalyst during charging–discharging of a battery. The materials obtained do not require the use of advanced recycling and are environmentally friendly as they do not contain heavy metals. In another paper by Skorupska et al. [47], metal-free graphene foams were produced using a microwave reactor and two different solvents, ethyl alcohol (EtOH) and dimethylformamide (DMF). Expanded graphite was used for the synthesis, while green algae (Chlorella vulgaris) were used as a natural nitrogen precursor, which incorporated N-Q and N-5 functional groups under high temperature. The calculated electron transfer number for the oxygen reduction reaction was 3.46, while for the starting material itself, without the nitrogen precursor, the value of n was 2. The methods developed so far have become an alternative way to produce completely metal-free catalysts, which have similar catalytic properties, with comparable potential for use as an electrode in metal–air batteries or fuel cells. As reported in our scientific papers, as well as written about by Qin et al. [48], ORR activity is influenced by the total content of N-6 and N-Q groups. Among other compounds, ammonium acetate [49], urea [44,50], melamine [44,51], cyanamide [44] or dicyandiamide [52,53], inorganic salts [44] such as ammonium chloride (NH4Cl), ammonium nitrate (NH4NO3), ammonia gas [54], and polymers such as polypyrrole [55], polyaniline [56,57,58], triblock copolymers of poly (ethylene oxide)–poly(propylene oxide)–poly (ethylene oxide) [59], poly (sodium 4-styrenesulfonate), and poly (4-styrenesulfonic acid–comaleic acid) [60] are used as carriers of nitrogen functional groups converted under high-temperature processes. Quite unusual nitrogen precursors were used by Zhang et al. [61]. They designed a doped carbon material with a graphene structure using three different precursors of nitrogen, 1,3-diaminobenzene, 2,6-diaminopyridine, and 5-aminouracil (Figure 2a), to test the most beneficial nitrogen group configuration. Different configurations of these precursors produce the appropriate combination of nitrogen functional groups in the obtained materials. In this case, the most beneficial for the oxygen reduction reaction were pyridinic-N and graphitic-N functional groups with 5-aminouracil and 2,6-diaminopyridine used as precursors. These materials exhibit the highest limiting current density in linear sweep voltammetry (LSV), and the onset potential is more positive than other nitrogen groups’ configurations (Figure 2b). The most advantageous configuration for N-doped graphene (N/C-NP + NG) of the four-electron oxygen reduction reaction is a combination of N-6 and N-Q groups along with N-Q predominating. However, there is no clear statement as to which acts as the most advantageous in this group. Lu et al. [62] showed that the total nitrogen content is not as important in catalytic activity as the corresponding nitrogen groups, here N-6. The use of GO and urea compounds during pyrolysis in a temperature range of 200 to 900 °C occurs at a level between 12.41% at. and 3.36% at. of nitrogen, respectively. Even small amounts of nitrogenous N-6 or N-Q functional groups, other heteroatoms, and transition metals have a beneficial influence on the catalytic properties in the oxygen reduction reaction. Increasing the nitrogen content can be achieved by using a lower carbonization temperature; however, the carbon content becomes relatively low at such temperatures [63,64].



Conversely, increasing the pyrolysis temperature increases the materials’ graphitization degree from about 75% to about 85%, causing their electrical conductivity to increase [64,65]. This is the case not only for graphene materials, but generally for carbon materials of various origins. Additionally, Kabir et al. confirmed, by using the density functional theory (DFT) theoretical methods, that temperature has a significant influence on the formation of nitrogen functional groups [66,67]. They additionally put forward the hypothesis that 850 °C is the optimal temperature for the formation of an adequate amount of pyrrolic-N and pyridinic-N functional groups, with a ratio of 0.45, which increases current density in alkaline and acidic media, along with a proper correlation of the starting material and nitrogen precursor [68]. Nevertheless, an obstacle that can be encountered in the preparation of nitrogen-doped graphene materials is their structure. The pore system based on micro- and, mainly, mesopores increases oxygen access to active sites in the structure from air. As follows, surface area is important in the oxygen reduction reaction. However, in the pyrolysis process, a graphene structure has low crystallinity and tends to collapse and exhibit a low specific surface area. Therefore, the use of additional templates (silica or carbonate minerals (Na2CO3, CaCO3)) causes an increase in the specific surface area [69,70]. Generally, the use of activators, such as KOH and NH3 gas, is dangerous to the installation and increases the risk of damage, which in turn may cause an increase in security measures, which have a direct impact on the final production costs [63]. Table 1 summarizes the ORR activity of nitrogen-doped graphene synthesized via the pyrolysis method.




2.1.2. Synthesis of Nitrogen-Doped Graphene-Based Materials via Hydro(Solvo)Thermal Method


Another very promising method of obtaining heteroatom-doped materials is the hydrothermal method. It is usually used in combination with pyrolysis to obtain reduced graphene oxide as a matrix for the introduction of other atoms, which would favorably influence the structure and electrochemical properties. The hydrothermal method involves introducing graphene materials such as GO or a carbon precursor, dopant atoms, and/or templates plus additives into a pressure vessel, usually made of Teflon, and then prolonged heating at about 100 to 210 °C for at least several hours, thereby creating a vacuum in the reaction vessel. A schematic of the hydro(solvo)thermal process is presented in Figure 3.



In 2015, Zhou et al. [52] used synthesized graphene oxide to introduce nitrogen atoms into its structure using dicyandiamide. A hard template, silica with a particle size of about 7 nm, and FeCl2 × 4 H2O were used as the separator and the reaction catalyst, respectively. They obtained graphene foam using hydrothermal treatment and stable material through pyrolysis at 900 °C in nitrogen flow for 1 h. The material was pyrolyzed twice. They demonstrated in this paper that the use of nitrogen doping and a transition metal at the same time effectively enhances the activity of the active sites, being advantageous in the oxygen reduction reaction in both alkaline and acidic media. They attribute high ORR activity to the mesoporous structure, which affects the rate of electrolithium flow, and the nitrogen functional groups (N-6 and N-Q), which are involved in the ORR reaction mechanism. Typically, researchers use a two-step synthesis of heteroatom-doped electrocatalysts: reduce graphene oxide via a hydrothermal method using toxic reagents (e.g., hydrazine [71]), and then incorporate the heteroatoms permanently into the structure via pyrolysis [72] or apply an annealing to stabilize and introduce heteroatoms into the structure [73]. Figure 4a–f presents a scheme of the synthesis process, as well as a cross section of the structure determined by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) methods.



An adsorption–desorption isotherm proving porosity is presented in Figure 4g. This approach increases the cost of production, disposal, and time taken to fabricate electrode materials. In their research work, Miao et al. [74] performed a two-step synthesis of nitrogen-doped graphene. They showed that the specific surface area calculated by the Brunauer–Emmett–Teller (BET) is not a factor for enhanced activity in ORR. The effect of doping the graphene structure with heteroatoms is a decrease in the surface area. This is due to the incorporation of other atoms in the pores and at the edges of the graphene layer, thus causing a stronger defect in the structure, which in turn may have a positive effect on ORR. Nevertheless, the higher the ratio of mesopores in the structure, the easier the transport of oxygen and electrolyte in ORR [75].



Nonmetallic elements other than nitrogen (e.g., sulfur [76], phosphorus [77,78], boron [79,80,81], and fluorine [79]) have also been introduced to obtain effective electrocatalysts. The role sulfur plays in the oxygen reduction reaction can be attributed to the generation of positive charge by causing a change in the electron structure of carbon atoms. The produced sulfur-doped graphene materials show high electrocatalytic activity and stability in acidic and basic environments, making them environmentally friendly. Compared with nitrogen, phosphorus has a greater ability to create defects in graphene structures, and in a different way, than nitrogen, due to its larger atomic size. Boron, on the other hand, has a similar electron configuration (1s2 2s2 2p1) with a difference of one valence atom relative to carbon (1s2 2s2 2p2). The B-doped graphene structure does not observe significant changes in the graphene lattice (C–C bonds) due to the slightly longer B–C bond [82]. The most favorable choice of atoms involved in codoping is one of an element with higher electronegativity and the other with a lower electronegativity than carbon (2.55) [83]. It is possible to increase the performance of ORR by introducing doping; nevertheless, it does not beat the performance of a platinum-based catalyst. Double and triple doping of graphene with heteroatoms, such as N-S [75,84], N-B [80,83], N-P [85], B-P/BNP [86], or N-S-P [87], is more advantageous, creating a synergistic effect. This effect increases the catalytic activity of doped graphene materials to more than that of materials doped with a single type of atom. There are also reports of triple doping with heteroatoms in different configurations. Much information is provided by the work of Lin et al. [86] on doping graphene using boron and phosphorus, followed by activation through NH3, which also increases the active sites in the graphene material. The carbon precursor in this work was GO, while the B and P precursors were boron phosphate (BPO4). All components were subjected to a hydrothermal method. In this work, the transfer electrons for mono-, double-, and triple-doping carbon materials were compared, and it was noted that the synergistic effect between different heteroatoms, in this case B–N–P, can lead to enhanced catalytic properties in ORR. For a catalyst to exhibit a four-electron oxygen reduction reaction, it has to satisfy the premise that the more positive the cathodic potential of the ORR peak and onset potential, the higher the kinetic limiting current, which may affect the final interpretation of the ORR mechanism pathway. Zhao in 2018 [88] investigated the influence of doping order with phosphorus atoms first and nitrogen atoms second on the final content and type of nitrogen functional groups (schematic of synthesis, Figure 5a). They proved experimentally and theoretically that this approach can significantly improve the catalytic activity of N-doped carbon materials. The bonding of carbon with phosphorus can occur outside the structure (externally) or be incorporated into the carbon structure (internally) (Figure 5b). Due to C–P bonding in the external system, it is possible to decrease the energy needed for the formation of C–N bond (graphite N), causing the content of N-Q functional groups to increase. The situation is quite interesting, since the mechanism of graphite-N formation at P-doped sites is theoretically presented. During nitrogen adsorption, the bond between carbon and phosphorus elongates and weakens so that graphite P can be replaced by graphite-N functional groups. Aside from codoping with heteroatoms only, codoping with nitrogen and transition metal oxides or molecules is also popular. Wu et al. [89] obtained three-dimensional (3D) structured graphene derived from nitrogen-doped graphene oxide by introducing polypyrrole and iron acetate as an iron (II, IIII) oxide (Fe3O4) precursor into the reaction vessel. The resulting catalyst had a higher current density in an alkaline medium, and its electron transfer exhibited a four-electron oxygen reduction pathway. Heteroatom-doped catalysts are also used as support materials for platinum or ruthenium metals, increasing their catalytic activity in oxygen reduction reactions in different environments [90]. As it is well known, the hydrothermal method is characterized by long synthesis times in order to efficiently dope with heteroatoms/transition metals or obtain the desired structural effect. Consequently, Kim et al. [91] made a successful attempt to speed up the hydrothermal synthesis by using microwaves, which effectively and quickly heat up the reaction vessel quickly [92]. Table 2 summarizes the ORR activity of nitrogen-doped graphene synthesized via the hydrothermal method.




2.1.3. Synthesis of Nitrogen-Doped Graphene-Based Materials via Chemical Vapor Deposition Method


World literature reports that the chemical vapor deposition (CVD) method [93,94] is the one proposed so far for obtaining graphene-based electrocatalyst materials, despite being based on uneconomical raw materials, requiring special conditions and precautions during synthesis, and using complicated apparatus. The CVD method works well in obtaining pure graphene, but is impractical on an industrial scale. Nevertheless, this method is used, which is beneficial for the content of functional groups that play a key role in the oxygen reduction reaction. The process takes place in a reaction chamber into which gaseous substrates, or heteroatom precursors, are introduced for doping in such a way that appropriate chemical reactions take place on a substrate heated to high temperatures (>800 °C). The schematic process of graphene synthesis is presented in Figure 6. Graphene is produced through different methods using high temperatures (e.g., thermal heating, plasma-enhanced CVD (PECVD) [95], or laser ablation in the presence of a catalyst (Cu, Ni)), where the carbon source and heteroatom precursors remain in close contact with hydrogen, which controls the properties of graphene. Methane (CH4) [96,97] and ethane (C2H6) [93] are typically used as gaseous carbon precursors for graphene synthesis [96]. Other carbon sources can be gaseous, as well as solid or liquid [98]. Hydrocarbons decomposing to atomic sizes adsorb on the catalyst, forming specific graphene structures. One of the most popular ways to grow graphene structures of large volume and high quality is by characteristic growth on a copper sheet or foil using gaseous methane as a carbon precursor. However, this strategy for obtaining graphene is time-consuming and requires a decomposition barrier of methane (<1000 °C), the applied copper foil is not stable, and its catalytic capacity decreases as the volume of the graphene structure increases. All these factors affect energy consumption, which increases the cost of producing high-quality graphene. The homogeneity and quality of graphene, as well as the rate of the nanomaterial’s formation, are negatively affected by any change in growth conditions, including the substrate/catalyst type used, synthesis temperature, pressure, carbon precursor, hydrogen or heteroatoms, and the velocity of the gas stream [99]. Doping is an effective way of properly tailoring the properties of graphene to the application of the nanomaterial in various energy storage devices. Heteroatom precursors, on the other hand, are used either simultaneously during the CVD process or in subsequent steps of heteroatom-doped graphene synthesis [100]. Nitrogen doping is usually performed using gaseous nitrogen with the simultaneous flow of carbon precursors. Commonly used carbon precursors in the CVD method includes NH3 gas [96,97,101]. Metal-doped graphene materials possess favorable properties for the oxygen reduction reaction because of their extended structure for improved ion transportation during the redox reaction. Wu et al. [102] used the CVD method with two selected precursors, NH3 gas and thiourea, to obtain nitrogen- and sulfur-doped graphene. As the synergetic effect improves the catalytic activity, researchers also undertake doping using analogous materials with other heteroatoms (S, B, P) and/or transition metals, all due to the growing desire to replace currently used commercial electrode materials [103]. On the other hand, Qiu et al. [94] investigated the effect of codoping with nitrogen and nickel, as well as single doping, on catalytic activity and ORR pathway determination for the potential application as metal–air batteries. They reported that Ni atoms anchored on the graphene surface and the doped nitrogen improved catalytic properties for OER and ORR reactions in an alkaline electrolyte.



The preparation of porous material using the CVD method involves chemically etching the metal substrate on which graphene structure growth occurred. While even long-lasting etching does not allow for the complete removal of metals, it can still positively influence the electrochemical properties of the obtained materials [104]. When the CVD method is used to obtain graphene, the product is a material of high quality and homogeneity, which can be beneficial for the next step of doping with graphitic C3N4 [14]. A combination of hard templating and the CVD method is also possible. Want et al. [105] used MgO as a template on which the graphene structure was deposited in a classical CVD method, producing a material with a specific surface area of 1440 m2 g−1 and a pore volume of 2.18 cm3 g−1. The result was a biofunctional catalyst for the reaction of reduction and evolution of oxygen. Shi et al. [106], using the same idea of templating by MgO, methane, and pyridine, proposed a method to obtain graphene with nitrogen dopants anchored either in the structure or on its surface. They showed that a more advantageous concept of producing efficient electrocatalysts in ORR is to dope the graphene coating on 3D templates. This way, the final material has the morphology of the template and, after its removal, is able to expose active sites on the surface, favoring energy storage [107,108]. The final nitrogen content on the doped graphene surface was 1.81% at., and the high specific surface area was equal to 1531 m2 g−1, which together with the low defect density determined by Raman spectroscopy establishes an effective influence on the final electron transfer value in the oxygen reduction reaction, equaling 3.34. The one-step CVD synthesis method results in a uniform distribution of doped atoms in the structure with a small amount on the surface. The ORR process occurs due to the active sites having direct contact with the substrate. This means that some heteroatoms in the structure do not participate in the electron transfer process and do not contribute much to the catalytic activity of the catalyst. As established earlier, a material’s atomic nitrogen content decreases as temperature increases. The CVD method makes it possible to tune the functional groups in such a way as to have them exhibit the most favorable properties for particular applications. With CVD, it is primarily possible to incorporate nitrogen in the form of N-6 and N-Q nitrogen groups. When the temperature is increased and the process is prolonged, CVD causes the amount of N-6 functional groups to decrease [109]. Previous reports indicate a limitation in the application of CVD-obtained graphene materials in acidic electrolytes due to difficulties in modifying the structure [97]. It follows that the synthesis and application of doped graphene in ORR using an acid electrolyte requires more analysis and alternative modifications to form effective electrode materials. Table 3 summarizes the ORR activity of nitrogen-doped graphene synthesized via the CVD method.





2.2. Carbon Nanotube-Based Electrocatalysts


As previously mentioned, despite considerable progress in nanomaterial engineering and the functionalization of materials for practical electrode applications, there is still an intense search for a cost-effective, high-performance, metal-free, and environmentally friendly method of producing materials. Many researchers focus their projects on metal-free carbon nanotubes, which have been shown to have favorable oxygen reduction properties and could become a viable alternative to commercial noble metal-based electrocatalysts. Carbon nanotubes are one of the remarkable nanomaterials that have a wide scope of potential applications in many fields, all due to their outstanding chemical stability and well-established surface functionalization techniques [110,111,112]. Gong et al. [113] demonstrated that nitrogen-doped carbon nanotubes possess unique properties towards an efficient oxygen reduction reaction. On that basis, an intensive search for alternative catalysts based on heteroatom-doped carbon is visible in the literature [114,115]. Many methods are known for the preparation of carbon nanotubes differing in the number of layers; this number affects the electrical and chemical properties of CNTs. As is known, among CNTs one can find single-walled carbon nanotubes (SWCNTs) consisting of one graphene layer with hexagonal packing with a diameter in the range of 0.4–2 nm and a large surface area, or multiwalled carbon nanotubes (MWCNTs) consisting of two or several layers building a cylinder wall with a diameter in the range of 1–3 nm and better conductive properties than the SWCNTs [116]. The most common methods for obtaining carbon materials in the form of cylindrical coiled graphite sheets include electric arc discharge, chemical vapor deposition, and laser ablation [110,111,117]. Carbon nanotubes have the noteworthy property of retaining atoms of other elements in a cylindrical structure. This makes CNTs attractive carbon electrode materials for fuel cells, energy storage devices, batteries, or supercapacitors. Other applications of CNTs include biosensors and devices for photocatalytic water splitting [118]. Carbon nanotubes also have applications as catalyst carriers in polymer energy fuel cells (PEFCs). Like metal-free electrocatalysts, catalysts containing transition metal oxides or base metals are also being intensively investigated [119]. During the pyrolysis of dicyandiamide, small amounts of added metal chlorides are responsible for the generation of active sites favoring the oxygen reduction reaction [120,121,122]. However, the main materials effective in the oxygen reduction reaction are heteroatom-doped and contain single atoms of nitrogen, sulfur, boron, phosphorus, or transition metal oxides, or are combined in double- or triple-doped carbon nanostructures. Nitrogen doping is the most widely studied. The preparation of doped carbon nanotubes can be carried out directly during their preparation, by treating previously synthesized carbon materials with heteroatom precursors [19,20]. The one-step synthesis is based on the generation of nanomaterials by pyrolysis while simultaneously embedding heteroatom precursors, while the second procedure involves a two-step synthesis, producing or obtaining previously created CNT carbon material, and then deposition/addition of heteroatoms using heteroatom precursors. One well-known strategy for obtaining efficient electrocatalysts in ORR is to combine different graphene materials exhibiting attractive end-material properties. An example is the combination of doped graphene quantum dots in carbon nanotubes (Figure 7), which is advantageous because of the apparent enhanced catalytic activity. The resulting hybrids of quantum dots and carbon nanotubes exhibit catalytic properties owing to the heteroatom-doped dots and high conductivity owing to carbon nanotubes [123]. Carbon materials doped with transition metals also exhibit better catalytic properties in the reduction reaction or oxygen evolution reaction than expensive Pt-, Pd-, or Ir-based materials [124,125,126,127].



2.2.1. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via Pyrolysis Method


A factor contributing to the great interest in electrode materials and alternative energy source generation is the desire to reduce the cost of producing environmentally friendly, widely available carbon-based materials. To find a solution to this problem, researchers have tested various materials; the obtained electrode materials, alternative to those commercially available and typically environmentally unfriendly, are supposed to lower production costs, reduce emissions, and, above all, work effectively and have their practical application.



Nitrogen doping of carbon nanotubes is well known and has been widely studied through theoretical research, largely due to the ideal model of determining the effects of nitrogen atoms and nitrogen functional groups have in ORR [128]. Studies have also been carried out on doping with boron, sulfur, phosphorus, or silica. The researchers, after theoretical studies, came to the conclusion that nitrogen remains the atom showing superior enhanced catalytic properties in ORR. Nevertheless, Wang et al. [129] suggested a catalyst with the best achievable activity in ORR from the thermodynamic point of view that can be obtained by collating many heteroatoms in the structure, causing a synergistic effect, modifying the curvature of carbon nanotubes, and introducing characteristic defects at the ends of CNTs [130]. Gong et al. [113] were the first to demonstrate that pyrolysis-generated N-doped carbon nanotubes in the vertical position, in the presence of gaseous ammonia, exhibit enhanced catalytic activity and long-term stability in an alkaline medium, thus achieving similar performance to commercial electrodes based on platinum. The most proven method of obtaining doped carbon materials is their carbonization in the presence of a precursor for the given heteroatoms, which are directly transformed into typically volatile substances by entering into a direct reaction building into the carbon structure. The results shown by An et al. [131] demonstrate that the N-6 functional group derived from polypyrrole (nitrogen precursor) in the CNT core-shell structure plays a major role during electron transfer in the oxygen reduction reaction. The research group of Sa et al. [115] presented a synergistic effect between the CNTs’ core structure and the heteroatom-doped sheath layer. The researchers demonstrated that the amount and appropriate type of heteroatom in the sheath layer can be controlled through the correct selection of ionic liquids. This approach of creating CNT core structures that can facilitate electron transport to active sites and a cover layer doped with various heteroatoms to further enhance catalytic activity greatly contributes to improving activity in the oxygen reduction reaction. Many researchers are focused on the selection of appropriate synthesis parameters. Materials with core CNT core-shell structures can have better catalytic properties compared with double or triple heteroatom-doped carbon nanotube structures and become attractive materials for high-performance energy storage devices [115,132].



As combining the properties of two materials, in this case, carbon nanotubes and graphene, may be a good idea to improve the catalytic properties, Jiang et al. [133] investigated (a) the effect of carbonization temperature, (b) the ratio of CNTs and the precursor porous carbon structure, and (c) the effect of the ratio of carbon precursor to melamine (nitrogen precursor) on the catalytic performance of obtained materials in ORR in alkaline medium. The results show that the surface area, together with porosity, affect the catalytic activity, perhaps due to providing a large number of less active sites with better mass transfer at the same time. This is due to the amount of the nitrogen N-Q and N-6 functional groups, which affects catalytic activity in ORR. From a careful analysis, we can also find that the sample carbonized at 900 °C had more available active sites than other materials, carbonized at 800 or 1000 °C. By investigating the effect of the ratio of carbon nanotubes to glucose (as a precursor of the porous carbon sheath), the mass ratios subjected to hydrothermal treatment were examined. The lowest ratio came to 1:20, the average to 1:40, and the highest ratio to 1:80. Increasing the porous carbon precursor amount affects the final thickness of the nanoporous sheath layer. This ultimately translates into catalytic activity. A thin layer, and thus a smaller surface area, does not provide enough active sites. On the other hand, the highest ratio, 1:80, makes the shielding layer of carbon nanotubes so thick that electron transport in the oxygen reduction reaction is hindered by the low electron conductivity of the glucose-derived carbon material relative to the CNTs core. The best catalytic properties were exhibited by an average mass ratio of the reactants, 1:40. In the same work, the researchers also investigated the low, medium, and high (1:5, 1:10, 1:20) melamine content in the carbonized samples for catalytic activity in the oxygen reduction reaction. The catalyst-based electrode activity with 1:10 and 1:20 ratios showed increased initial and half-wave electrode potential. The enhanced catalytic activity was influenced by the higher amount of nitrogen precursor used; the core constructed from CNTs and a nitrogen-doped carbon nanoporous structure exhibited enhanced catalytic properties. The nanotubes formed a three-dimensional structure that was responsible for improved electron transfer, while the doped shell acted as active sites in the oxygen reduction reaction. Vikkisk et al. [23] obtained nitrogen-doped multiwalled carbon nanotubes using cyanamide or dicyandiamid. Studied catalysts showed increased selectivity towards the overall four-electron O2 reduction pathway in alkaline media.



The use of CNTs in their hybrids or composites with graphene prevents agglomeration of graphene layers. The main problem that researchers face with graphene is that it reagglomerates very easily, which results in decreased catalytic activity, reduced specific surface area, and lower availability of active sites for the electrolyte and oxygen. To prevent this process, in many papers researchers used carbon nanotubes to counteract the reagglomeration, resulting in better accessibility for the reactants, ultimately contributing to an efficient oxygen reduction reaction. One example is a paper by Rasto et al. [15], where the authors pyrolyzed hybrids consisting of graphene oxide and multiwalled carbon nanotubes. In these studies, urea and dicyandiamide were used as nitrogen precursors, and doping was achieved by pyrolyzing the mixture of GO and MWCNTs in the presence of these nitrogen-containing compounds. Xue et al. [134] synthesized a composite of nitrogen-doped graphene nanoribbons on CNTs in an NH3 atmosphere. The obtained materials present satisfactory high activity and stability of proton exchange membrane fuel cells. Table 4 summarizes the ORR activity of nitrogen-doped carbon nanotubes synthesized via the pyrolysis method.




2.2.2. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via Hydrothermal Method


The modification and design of carbon nanotubes is carried out to effectively incorporate into the structure and produce highly conductive materials [135]. Patil et al. [136] combined the hydrothermal method with pyrolysis at 750 °C. They fabricated electrode materials for reduction reactions and oxygen evolution using carbon nanotubes, but also boron nitride (BN), it being a precursor of both nitrogen and boron. The research was based on the optimization of a suitable composition using different BN weight contents. The enhanced catalytic activity is attributed to synergistic effects between nitrogen and boron, but no clear trend is observed between BN weight content and catalytic properties. A comparison was made between the annealed and the hydrothermally treated material, and it was concluded that high temperature plays an important role in enhancing the activity of the ORR reaction. The onset potential of the pyrolyzed catalyst is more positive compared with the material before carbonization. Therefore, the use of pyrolysis can significantly affect the electrocatalytic properties. However, hydrothermal treatment can not only effectively introduce nitrogen heteroatoms, but also cause an improvement in hydrophobic properties, which affect the stability of the final electrodes. Hydrothermal treatment has been proven to improve the conductivity of multiwalled carbon nanotubes and the corresponding formation of oxygen groups (Figure 8). The observed improvement of catalytic properties in OER and HER reactions mainly takes place by increasing the amount of oxygen functional groups whose ability to attract electrons is stronger; these groups include ketones and carboxyl groups. However, they are also the cause of increasing hydrophilicity [137]. This method may also reduce the number of defects, which in turn can contribute to the deterioration of ORR activity. The hydrothermal method is additionally used to purify end products in order to improve the electrocatalytic properties. Nonetheless, it is worth remembering that even trace amounts of impurities from the synthesis can have a beneficial effect on the ORR process. The hydrothermal method can act as an effective and noninvasive way to functionalize MWCNTs with HNO3. It can effectively oxidize nanotubes, but at the same time remove the amorphous carbon present on their surface, which can be a drawback in the catalytic chemical vapor deposition process [138]. Nitric acid is often used to introduce oxygen groups and thus provide better functionality of carbon nanotubes. The preoxidation method of MWSNTs was used by Huang et al. [139]. Nitrogen atoms were doped into functionalized carbon nanotubes through a one-step hydrothermal process by introducing oxidized MWCNTs and ethylenediamine as a nitrogen precursor. Additional support and synergistic effect were produced by the resulting nitrogen-doped GQDs. The resulting double-atom-doped hybrid exhibited catalytic properties improved over a commercial-platinum-based material by showing a four-electron oxygen reduction reaction. This study sheds new light on low-cost synthesis and modification of metal-free carbon catalysts in the oxygen reduction reaction. Chem et al. [140] presented a one-step hydrothermal process for single and dual doping of sulfur and nitrogen. The advantages of this approach are the maintenance of proper electrical conductivity, preservation of a large surface area along with adequate porosity, and preservation of a multiwalled nanotube structure. The hydrothermal method does not require drastic chemicals and synthesis conditions. Therefore, this way of producing electrode materials has a high potential for heteroatom doping of carbon structures. Another approach to producing sulfur-doped carbon nanotubes is double doping as carried out by the research group of El-Sawy et al. [141]. The first modification consisted of a hydrothermal process of oxidized carbon nanotubes together with thiourea, while the second doping was performed through sonication of the obtained product from the first step together with ethanol and benzyl disulfide, carbonized at 1000 °C at the end. The researchers showed that the hydrothermal method was insufficient to obtain the right conductivity of the carbonaceous materials, though it showed the highest sulfur and oxygen content. At the same time, double doping combined with pyrolysis shows higher activity due to numerous active sites. The approach of double doping using different methods can contribute to the development of metal-free electrocatalysts, creating a new perspective on the modification of carbon materials used in the reduction reaction of oxygen, carbon dioxide, or hydrogen evolution.




2.2.3. Synthesis of Nitrogen-Doped Carbon Nanotube-Based Materials via Chemical Vapor Deposition Method


The CVD method is a widely studied way to produce carbon nanotubes of very high quality. As a result of the high temperature in the reaction chamber, precursors are broken down into smaller components (final product or as a layer). The precursors can be delivered with the other carbon precursors, or in the furnace, and carried by the carrier gas. Previous studies based on the synthesis of nitrogen-doped carbon nanotubes by CVD using various nitrogen–carbon precursors show less favorable catalytic properties in the oxygen reduction reaction when the medium is acidic rather than alkaline. Alexeyeva et al. [142] synthesized nitrogen-doped carbon nanotubes (with 3% at. of nitrogen) simultaneously using acetonitrile as nitrogen and carbon precursors. The researchers presented a comparison of electrochemical properties of nitrogen-doped carbon nanotubes and pure unmodified ones in the research paper. They conducted electrochemical studies on sulfuric acid and potassium hydroxide as electrolytes. Despite their best efforts, activity in ORR in an acidic medium remained lower than for the catalysts fabricated from carbon nanotubes based on platinum [143]. Wong et al. [144] investigated the effect of different nitrogen precursors on the catalytic properties in acidic medium as well. Iron (II) phthalocyanine was used as a catalyst for one-step doping and growth of carbon nanotubes using the CVD method. Three nitrogen precursors were compared, aniline, diethylamine, and ethylenediamine (EDA). At elevated temperatures, the metal catalyst is decomposed into smaller iron molecules, which form the base for nanotube growth, and the hydrocarbon catalyst, which produces a graphitic structure deposited on the iron base. The iron molecules are removed in the final process with sulfuric acid. The carbon nanotubes produced using EDA exhibited higher electrochemical activity at ORR in an acidic medium relative to the other nitrogen-rich CNTs synthesized with aniline and diethylamine. The electrochemical properties of the best test sample also stemmed from the surface structure, due to corrugation, and the extensive distribution of defects, which can act as active sites or cause better access to the edge functional groups. Other researchers, Gonzalez et al. [145], used melamine as a source of nitrogen and carbon and ferrocene as a catalyst for the growth of N-doped nanotubes to investigate the electrochemical properties in an acidic environment. As expected, the materials produced at 900 °C exhibited higher ORR activity relative to 800 °C synthesis. They concluded through Raman spectroscopy analysis and final electrochemical results that temperature affects the amount of defects generated by introducing more nitrogen heteroatoms. They also investigated the effect of the flow rate of the carrier gas, argon. In this case, they came up with a bold hypothesis that as the flow rate of argon increases, the value of the current density limiting diffusion is higher. However, there are no direct reports that this hypothesis is backed up by many experiments. It is known, however, that the rate at which a carrier gas flows influences physicochemical properties. It appears that a higher carrier gas rate results in a low number of defects, which in turn may contribute to lower activity in the ORR. Therefore, it is important to tune and optimize the synthesis conditions, carrier gas flow, and temperature and select appropriate precursors and catalysts that will benefit nitrogen incorporation into the structures that will be the active sites in ORR in an acidic environment.



The CVD method is also useful for preparing hybrids containing N-CNTs and LaNiO3 [146]. In this synthesis, ammonia and methane were used to obtain the nitrogen-doped nanotubes, and acted as nitrogen and carbon precursors, respectively. Thanks to the La and Ni present in the hybrid, it is possible to support the adsorption of oxygen molecules, as well as facilitate electron transfer. The transition metals do not form direct active sites but support active sites, making them more accessible to provide higher catalytic activity [147,148]. Therefore, the use of other transition metals, such as Co, Zn, and Fe, can increase the catalytic activity, as many researchers suggest that catalytic properties stem from special metal–carbon confluence [147,149]. Not only do transition metals increase catalytic activity; hence in the case of graphene, scientists also try doping carbon nanotubes with other heteroatoms. Yang et al. [150] showed that the number of electrons transferred in the oxygen reduction reaction increased slightly for boron-doped carbon nanotubes; the number of transferred electrons increased from 2.2 to 2.5 for undoped CNTs and boron-doped CNTs, respectively. In the case of a sample codoped with boron and nitrogen, the transfer also showed a two-electron pathway for oxygen reduction [151]. Although boron doping alone does not show spectacular catalytic activity, the instructive nature of the work is evident, because it provides much information on what to avoid when optimizing synthesis conditions. Table 5 summarizes the ORR activity of nitrogen-doped carbon nanotubes synthesized via CVD and the hydrothermal method.





2.3. Porous Carbon Electrocatalysts Based on Natural Precursors


In the last 10 years, a large number of studies have focused on the synthesis of biomass-derived carbons as attractive electrocatalysts [152]. As mentioned previously, the CVD method is based on the introduction of gaseous carbon precursors or heteroatoms that will be able to deposit on the substrate and form a structure in a bottom-up approach. It is not common to use the CVD method to introduce heteroatoms in a structure based on carbon materials of natural origin. Porous materials of organic origin do not require the conversion of carbon precursors to a gaseous form, and either pyrolysis or hydrothermal methods can produce materials high in nitrogen. Therefore, these two methods are presented in more detail in the following chapters in the context of nanofibers and materials of natural origin.



A particularly promising research subject is the utilization of marine- and freshwater-derived materials as carbon and nitrogen sources, for example, seaweed [153,154,155], shrimp shells [156,157], fish bone [158], algae [159,160], alginate [161,162], chitin, and chitosan [163,164,165,166,167]. For nitrogen-doped porous carbons obtained from chitin and chitosan, the influence for catalytic properties has porosity and type of functional groups [163]. The effect of additional urea treatment on the textural, chemical, and electrocatalytic properties of the obtained carbons was also presented. The highest number of O2-reducing electrons, equal to 3.76, was recorded for the sample obtained from chitosan. The total nitrogen content of the samples obtained was in the range of 4.85% to 10.85% wt. Nitrogen was mainly present as N-5 and N-6 groups; however, N-Q and N-X groups were present as well. The share of nitrogen in the form of N-6 and N-5 groups exceeded 80% of the total nitrogen content. For the samples obtained with urea, the total nitrogen content increased to the level of 82.8–84.8% at. Additionally, the significant share of nitrogen functions of N-5 and N-6 and N-Q type increased when increasing the carbonization temperature from 700 to 800 °C. Quílez-Bermejo et al. [58] proved that as the temperature applied during the heat treatment increases, so do increase the catalytic properties in ORR. The authors attribute the enhanced catalytic activity to an increased N-Q number at the edges. The surface area can also be seen to increase with rising carbonization temperature, from which it can be concluded that the specific surface area is one of the factors favoring an increase in catalytic activity. Increasing the surface area, which comprises a higher density and distribution of microporous structures, may contribute to increasing the effective ORR. However, previous work suggests that there are several factors that need to be achieved and developed in order for ORR to proceed in a four-electron pathway [168]. One strategy is to develop a specific surface area, and thus porosity, which will facilitate the electrolyte and ion diffusion process. The appropriate pore size guarantees permanent electrical contact and ensures long-standing four-electron oxygen reduction [169]. The bimodal distribution of pores favors the kinetics of the ORR and the diffusion of active species [170].



Gelatin is an animal derivative that contains about 16% wt. of nitrogen; therefore, it was used in many studies as a precursor in the synthesis of catalysts [160,171,172,173,174]. It is a highly economical reagent because it is a naturally abundant and sustainable resource with high solubility in polar solvents, making it a promising precursor for nitrogen-doped carbons. An example of effective synthesis are carbon samples obtained by a method of templating gelatin with colloidal silica [160]. The hierarchical gelatin-derived porous structure showed a high density of N-containing active sites (ut to 10.08% at.) and a high specific surface area (up to 880 m2 g−1). These catalysts possess a 3D mesoporous network structure that is highly favorable for rapid ORR species transport. This efficiency is promoted by the simultaneous presence of N-5 and N-Q sites, the amount of the latter being especially important in determining ORR activity. It further depends on the carbonization temperature and greatly benefits from exposed N-Q along the outer and inner carbon sheets with a high surface area. For N-doped gelatin-derived carbons, voltammograms measured in KOH O2-saturated electrolyte exhibit a well-defined cathodic peak (Figure 9a), and the LSV curves for the produced catalysts show a similar current density to the commercial Pt/C catalyst (presented in Figure 9b). The Koutecky–Levich plots (Figure 9c) for each catalyst were obtained from LSV at various rotational speeds. The highest electron transfer number values (Figure 9d) were equal 3.85 and 3.96; these numbers confirm that catalytic activity was equal to a four-electron ORR pathway of the commercial Pt/C catalyst.



In the case of nitrogen-free natural precursors such as corn stover [175], ginkgo leaves [176], coconut shell [177], or cellulose [5,178], introducing nitrogen atoms into the structure is required to obtain effective electrocatalysts for ORR. In the case of corn stover, as illustrated in Figure 10, the electrocatalyst was prepared in two major steps of KOH activation and heteroatom doping. First, corn stovers were obtained from an experiment farm and washed with water and ethanol for several times. KOH activation was a crucial element of generating a pore network in carbon this synthesis. However, the activation mechanism has not been well understood due to the large number of variables in both the experimental parameters and the reactivity of different precursors used. Summarily, the reaction starts with solid–solid (carbon and KOH) reactions. In the next step, solid–liquid reactions take place, including the reduction of potassium compounds to form metallic potassium and the oxidation of carbon to carbon oxide and carbonate [179]. For KOH carbon activation, three main activation mechanisms have been widely accepted: (I) etching the carbon framework by the redox reactions between various potassium compounds as chemical activating reagents with carbon, called chemical activation, is responsible for generating the pore network [180,181,182]; (II) the formation of H2O and CO2 in the activation system positively contributes to the further development of the porosity through the gasification of carbon, namely, physical activation; and (III) metallic potassium efficiently intercalates into the carbon lattices of the carbon matrix after its removal by washing, and the expanded carbon lattices cannot return to their previous nonporous structure, creating the high microporosity that is necessary for a large specific surface area [183].



Depending on the nitrogen reagent used, the modification is carried out in the solid (e.g., in the case of urea), liquid (in the case of amines), or gaseous (in the case of ammonia and nitrogen oxides) [184] phase. Melamine [185], amino acids [186], acrylonitrile [187], and NH3 gas are mainly reported as nitrogen reagents for the synthesis of nitrogen-doped porous carbon ORR catalysts. In our experience, metal-free carbon foams obtained from amino acids are valuable electrocatalysts for the four-electron oxygen reduction process [186]. A nitrogen content of up to 9.1% wt., a large surface area of up to 1287 m2 g−1, and a large share of mesopores ensure full exposure of active sites, which is responsible for achieving high catalytic activity in ORR. Moreover, a high carbonization temperature of 800–900 °C ensured high electrical conductivity as a result of a more intensive graphitization process. Table 6 summarizes the ORR activity of nitrogen-doped porous carbons synthesized by pyrolysis of nitrogen-containing or nitrogen-free precursors treated by different methods.




2.4. Carbon Nanofiber-Based Electrocatalysts


Carbon nanofibers are very promising carbonaceous materials for electrochemical applications [188]. In the literature, synthesis methods such as pyrolysis [5,189,190] and chemical vapor deposition [191,192,193,194] are most widely used in large-scale production. Furthermore, electrospinning [195] is an effective carbon nanofiber synthesis method. Hydrothermal carbonization is an alternative and promising strategy of deriving a carbon nanostructure from biomass. As a carbon and nitrogen source, nitrogen-containing carbohydrates are used primarily, such as chitosan [196,197,198,199], glucosamine [200,201,202], and amino acids [203]. Song et al., during the hydrothermal synthesis of nitrogen-doped carbon nanofiber, used glucosamine hydrochloride and ultrathin tellurium nanowires as templates [204]. Microscopic observations indicated that the diameter of nanofibers declined from 150 to 100 nm after the pyrolysis and CO2 activation processes (Figure 11a,b). To investigate the elemental distribution in N-CNFs-900–0.5 h, elemental mapping was undertaken using energy-filtered transmission electron microscopy (EFTEM) imaging as the analysis method (Figure 11c). The images revealed that nitrogen atoms were homogeneously distributed in the nanofibers. After heat treatment in an inert atmosphere at 900 °C and further activation with CO2 at 1000 °C, the highly porous N-doped carbon nanofibers with a BET surface area of up to 1324.25 m2 g−1 with N-5, N-6, and N-Q functional groups on the surface were produced (Figure 11d–f). The material activated with CO2 for 4 h exhibited the optimal balance of porosity, nitrogen content, and electricity for ORR activity. The N-CNFs-900–4 h sample displayed 3.74–4.02 transferred electrons in alkaline electrolyte at potentials ranging from −0.30 to −0.90 V.



2.4.1. Synthesis of Nitrogen-Doped Carbon Nanofiber-Based Materials via Pyrolysis Method


In the case of N-doped carbon nanofibers fabricated through carbonization, two or more precursors acting as carbon and nitrogen sources are required. By extension, the selection of proper precursors is essential to the formation of effective N-doped carbon nanofibers with high catalytic performance. Biomass is often seen as an environmentally friendly and low-cost precursor; during the last few years, bacterial cellulose in particular has attracted dramatic interest due to its production through ecofriendly microbial fermentation procedures [205]. To obtain a 3D N-CNF structure, Li et al. [206] freeze-dried bacterial-cellulose-coated polypyrrole with added FeCl3 × 6 H2O before pyrolysis in a N2 atmosphere. As a result, in the final product, higher catalytic activity was observed for N-CNFs, which possessed a higher level of pyridinic N (2.95% at.), than for pyrrolic N (1.41% at.) and graphitic N (2.02% at.). Another way to introduce nitrogen atoms to a CNF structure is their heat treatment in an NH3 atmosphere [207]. NH3 was also an activating agent and caused a high BET equal to 916 m2 g−1. The tested N-CNF catalyst shows superior ORR activity and higher selectivity with an electron transfer number of 3.97 at 0.8 V when compared with four reference carbon materials (Vulcan XC-72R, Ketjenblack EC-300J, CNTs, and reduced graphene oxide aerogels). Excellent electrochemical stability in alkaline media for only a 20 mV negative shift of half-wave potential after 10,000 potential cycles was also determined for N-CNF aerogel [207]. Mulyadi et al. prepared carbon nanocomposites by mixing the solvothermal-treated CNFs-derived N,S-doped carbon nanofibers with complex particles of melamine–phytic acid [5]. In the next step, the suspension was allowed to sediment before lyophilization at room temperature for 4 days to form the carbon nanocomposite. Pyrolysis of the carbon nanocomposite was performed in a nitrogen atmosphere at 400 °C for 2 h, followed by another 2 h at 900 °C. The best electrocatalytic activity achieved for CNFs consisted of four heteroatoms: nitrogen (3.9% at.), sulfur (0.5% at.), phosphorus (1.9% at.), and oxygen (4.9% at.). For a good linear fitting of Koutecky–Levich plots, the desirable four-electron reduction process is predominant.



Massaglia et al. used a electrospinning technique to obtain N-CNFs from the polyacrylonitrile solution, which was then pyrolyzed at 900 °C in an inert atmosphere [189]. N-CNFs are characterized by a high amount of nitrogen groups on four states; however, the highest atomic percentage falls on graphitic N and pyridinic N, with 55.1% at. and 26.7% at., respectively. An optimal content of both N-Q and N-6 ensures a four-electron pathway towards ORR and guarantees samples’ good electrical conductivity. Park et al. also used polyacrylonitrile and polystyrene in the electrospinning method [208]. For samples obtained with the pyrolysis temperature increased from 800 to 1100 °C, the onset potentials were shifted towards a more positive direction, and the limiting current density increased consecutively. For the best catalyst of N-CFs-1100 pyrolyzed at 1100 °C, the number of transferred electrons was 3.7–3.8. These results indicate that the composite samples are very promising electrocatalysts for ORR in an alkaline solution, demonstrating a highly competitive performance but at a much lower cost than the benchmarked Pt/C catalysts.




2.4.2. Synthesis of Nitrogen-Doped Carbon Nanofiber-Based Materials via Chemical Vapor Deposition Method


In the one of the pioneering papers describing the use of N-CNF in ORR, Maldonado and Stevenson prepared electrodes through a CVD method, using xylene, ferrocene, and pyridine as precursors to control nitrogen content [209]. ORR catalysts manufactured in this way showed significant activity towards the reduction of H2O2 in alkaline media, it being an essential stage in the whole ORR process. Some papers point out an issue related to the use of oxide catalytic supports of low electronic conductivity; that is, purification steps, such as refluxing in concentrated alkaline and acidic solutions, are necessary before employing the N-CNFs in electrocatalytic applications. An example is given in the paper by Yin et al., where post-treatment procedures with a H2SO4/HNO3 mixture alter the surface chemistry and catalytic properties of the N-CNFs [210].



As reported by Bokach et al., catalytic chemical vapor deposition is an effective method for the production of nitrogen-containing carbon nanofibers in a one-step process, at a 650 °C Fe nanoparticle form, supported on expanded graphite using a mixture of CO, NH3, and H2 [211]. The pore formers Li2CO3, (NH4)2CO3, and polystyrene microspheres were used to improve mass transport within the layer. The BET surface area and nitrogen content for the N-CNFs were 225 m2 g−1 and 3.3% at., respectively. The observed large pores act as a passage for oxygen and water transport in the thick N-CNF/Fe cathodes, and thus lead to better performance. Conversely, Muthuswamy et al. [212] showed that KOH treatment resulted in similar ORR activity to pristine N-CNFs, despite growth of the surface area (BET) from 270 to 1151 m2 g−1. After KOH treatment, nitrogen content drastically decreased from 4.7% at. to 0.5% at. Additionally, after activation, iron content decreased from 0.24% at. to 0.02% at.; however, the activity was much like pristine N-CNFs. The authors suggest that, besides iron or nitrogen atoms, there are active sites originating from the distinct carbon environment formed during the N-CNF synthesis. To remove iron particles from the catalyst, Buan et al. treated N-CNFs with concentrated nitric acid [192]. After HNO3 treatment, nitrogen content was also reduced by 50% in the surface; however, ORR performance in acidic electrolyte was not affected. The authors deduced that the present porphyrin-like Fe–N4 sites are active sites for oxygen adsorption and reduction on N-CNFs in acidic electrolyte. In a previous paper by Buan et al. [213], the influence of Fe and Ni on ORR activity was described. The oxygen reductions for N-CNF/Ni and N-CNF/Fe were two- and four-electron pathways in both acidic and alkaline electrolyte. The analyzed results may serve as an explanation of why N-doped carbon nanostructures modified by Ni show lower ORR activity when compared with those doped with Fe. However, for ORR the contribution from metallic iron, iron carbide, iron nitride, and CNFs grown from Fe can be ruled out. Table 7 summarizes the ORR activity of effective electrocatalysts based on nitrogen-doped carbon nanofibers.






3. Conclusions and Perspectives


In this review, we focused on nitrogen-doped, carbon-based electrodes as metal-free catalysts toward ORR. First, the mechanism of oxygen reduction in alkaline and acidic media was briefly explained. In the experimental studies, doped graphene showed the capability to catalyze oxygen reduction via a four-electron transfer pathway in alkaline electrolyte. Nevertheless, replacing a commercial Pt/C catalyst in an acidic electrolyte with doped graphene is still impossible and a challenge for research.



In experiments, a good understanding of ORR activity is possible using doped graphene quantum dots, especially with sizes closer to models used in theoretical research. Therefore, future experimental inquiries should focus more on producing graphene quantum dots and on their ORR activity in different electrolytes, as these mechanisms require additional investigation.



The methods presented in this work provide a summary of the main techniques for synthesizing nitrogen-doped carbon materials capable of being commercialized. It is not possible to say directly which synthesis technique is more efficient and promising for obtaining N-doped carbon material. Nevertheless, according to many reports, the CVD method is a good choice for obtaining multilayer carbon materials of high quality. However, one should also keep in mind the economic and ecological aspects in which the pyrolysis method fits perfectly. This method is characterized by an uncomplicated procedure for the preparation of N-doped carbon materials, as well as a significantly higher yield compared with the CVD method. On the other hand, by means of the hydrothermal method, it is possible to obtain a quantity of material that goes beyond the laboratory using safe synthesis conditions. The combination of pyrolysis and hydrothermal methods can be a perspective for obtaining materials doped with heteroatoms. Due to these advantages, methods that have large-scale commercialization potential for industrial application are presented. Small modifications of precursor amount, changes of carbon and nitrogen source, and the choice of proper temperature can contribute to obtaining materials with properties comparable to commercial ones based on heavy metals.



The influence of nitrogen sources on the final catalytic properties of the obtained carbon materials is also a very important aspect of the optimization of synthesis conditions. The selection of an appropriate precursor is a key element to successfully introducing nitrogen in the right type and amount into the carbon structure. The most commonly used nitrogen precursors include urea, melamine, and ammonia, while the most interesting ones that fit into the concept of green chemistry are natural ones, such as chitosan, green algae, and gelatin, which all contain high amounts of nitrogen. Despite the high nitrogen content of the precursors, the final amount of introduced heteroatom is on the level of several to several tens of percent. When considering the percentage of nitrogen, the type of functional groups introduced must also be taken into account. It is still disputed among scientists attributing the direct effect of pyridine functional groups or quaternary nitrogen on catalytic activity. However, it is important to remember that both of these groups have an effect on catalytic activity. Knowing that pyridine groups are responsible for the increase of the starting potential, while quaternary nitrogen affects the limiting current density in the oxygen reduction reaction, the presence of both groups will effectively improve the final catalytic properties. It is also worth mentioning other structural and morphological properties that may help or hinder access to the active sites. A reasonable nitrogen group content maintains a high population of active sites, where the extra electrons from nitrogen correlate with π electrons in sp2 carbon materials. Furthermore, the high performance of carbon-based electrocatalysts depends on a good balance between electron conductivity and specific surface area. However, in many papers we are unable to find information about the specific surface area, especially in the case of graphene-based electrodes; knowing that a surface area aids active sites by creating better accessibility to oxygen, an attractive prospect are those carbon foams that have an open pore system, allowing for exposed active sites and the highest possible electrolyte penetration for oxygen to reach all active sites, affecting catalytic activity.
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Figure 1. (a–c) Types of bonding between nitrogen and carbon configurations existing in the carbon materials: N-Q, N-6, and N-5. (d–f) A scheme of the doped atom electronic structure. Indication: * antibonding molecular orbital. Adapted from [19], with permission from Carbon, 2017. 
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Figure 2. (a) Scheme of the synthesis process of precursor–modulated N–doped carbon materials; (b) linear scanning voltammetry curves for obtained materials. Adapted from [61], with permission from Electrochimica Acta, 2021. 
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Figure 3. Schematic of stainless-steel autoclave and Teflon pressure vessel used for hydro(solvo)thermal synthesis. 
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Figure 4. (a) Scheme of sample synthesis. (b) SEM, (c) TEM, (d) HRTEM, (e) AFM image, (f) elemental mapping images, and (g) N2 adsorption–desorption isotherms of a representative sample. Adapted from [72], with permission from ACS Energy Letters, 2018. 
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Figure 5. (a) Scheme of the synthesis of the N,P dual-doped OMCs; (b) scheme of the orientation effect of the first doped P and then doped N: (I) outside, (II) inside, (III) self-sacrifice type. Adapted from [88], with permission from the International Journal of Hydrogen Energy, 2018. 






Figure 5. (a) Scheme of the synthesis of the N,P dual-doped OMCs; (b) scheme of the orientation effect of the first doped P and then doped N: (I) outside, (II) inside, (III) self-sacrifice type. Adapted from [88], with permission from the International Journal of Hydrogen Energy, 2018.



[image: Processes 10 00643 g005]







[image: Processes 10 00643 g006 550] 





Figure 6. Schematics of synthesis chemical vapor deposition method. 
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Figure 7. FE–SEM images of (a) CNTs, (b) NCNTs, (c) scheme of the practical application of determining dissolved oxygen, (d) scheme of BGQD/NCNT sample, TEM images of obtained samples in (e) low magnification and (f) high magnification. Adapted from [123], with permission from Carbon, 2022. 
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Figure 8. Graph of the effect of the hydrothermal treatment method on the change in physical properties and improvement in electrocatalytic performance (values on the graph for demonstration purposes). Indication: * ketonic group has been demonstrated to catalyze a number of electrochemically important reaction such as OER and HER, ** the ORR performance of r-MWCNT was found to be higher due to the presence of surface bound metal impurities. Adapted from [137], with permission from ACS Applied Materials & Interfaces, 2016. 
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Figure 9. Results of catalyst activity in the oxygen reduction reaction for N–rich–derived carbons and the Pt/C catalyst. (a) CV curves of electrocatalysts in an O2–saturated 0.1 M KOH solution, (b) LSV of various electrocatalysts on RDE measured at a scanning speed of 5 mV s−1 and a rotation speed of 1600 rpm, (c) Koutecky–Levich plot at 0.5 V, (d) number of transferred electrons. Adapted from [160], with permission from Scientific Reports, 2021. 
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Figure 10. Schematic diagram for synthesis of N and Co, codoping NCAC-Co. Adapted from [175], with permission from Energy, 2018. 






Figure 10. Schematic diagram for synthesis of N and Co, codoping NCAC-Co. Adapted from [175], with permission from Energy, 2018.



[image: Processes 10 00643 g010]







[image: Processes 10 00643 g011 550] 





Figure 11. Characterization of the conductive and porous N-CNF aerogels obtained after pyrolysis and CO2 activation. (a,b) SEM images at different magnifications; (c) EFTEM image and elemental mapping; (d) comparison of the BET surface areas; (e) XPS survey spectra; (f) high-resolution N1s spectra of the N-CNFs-900–4 h. Adapted from [204], with permission from Nano Energy, 2016. 
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Table 1. Summary of nitrogen-doped graphene obtained via the pyrolysis method as an electrocatalyst for ORR.
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	Type of Sample
	Precursor of Graphene
	Precursor of Heteroatom(s)
	SBET 1 (m2 g−1)
	Electrolyte
	Heteroatom Content
	Electron Transfer Number
	Ref.





	N-graphene
	GO 2
	PDA 3
	62.6
	0.1 M KOH
	n.d. 4
	3.98
	[8]



	N-graphene
	GO
	BMIM BF4 5
	n.d.
	0.1 M KOH
	4.9–7.2% at.
	3.19
	[11]



	N-graphene
	GO
	Melamine
	1599
	0.1 M KOH
	2.8% at.
	2.9
	[36]



	N-graphene
	GO
	PDA
	185
	0.1 M KOH
	3.20% at.
	3.98
	[37]



	N-graphene
	Graphite
	Chlorella vulgaris
	n.d.
	0.1 M KOH
	1.6–2.2% at.
	3.17–3.78
	[46]



	N-graphene
	Expanded graphite
	Chlorella vulgaris
	n.d.
	0.1 M KOH
	0.10–2.44% at.
	2.55–3.46
	[47]



	N-graphene
	PG 6
	NH4 (AC)
	364.5
	0.1 M KOH
	n.d.
	3.4–4
	[49]



	N-graphene
	GO
	urea
	n.d.
	0.1 M KOH
	7.86% at.
	3.6–4
	[50]



	N-graphene
	GO
	Dicyandiamide
	670
	0.1 M KOH/0.1 M HClO4
	5.07% at.
	>3.9
	[52]



	N-graphene
	GO
	NH3
	816
	0.1 M KOH
	2.4–4.6% at.
	~2.75–3.25
	[54]



	N-graphene
	GO
	Urea
	3.15.43
	0.1 M KOH
	3.46–6.65% at.
	3.92
	[62]



	N-graphene
	GO
	Urea
	n.d.
	0.1 M KOH
	8.59–20.59% at.
	2.3–2
	[64]



	N-graphene
	Graphene nanoplatelets
	ADC 7
	533–657
	0.1 M KOH
	0.7–2.7% at.
	3.04–4
	[70]



	N,S-graphene
	GO
	PDA/

2-mercaptoethanol
	273.0
	0.1 M KOH
	N-4.1% at.

S-6.1% at.
	3.52
	[8]



	N,S-graphene
	GO
	Cysteine
	n.d.
	0.1 M KOH
	N-1.02% at.

S-1.32% at.
	3.47–3.72
	[45]



	B,N,P-graphene
	GO
	Boric acid/cyanamide/phenylphosphine
	443.0
	0.1 M KOH/0.1 M HClO4
	N-6.45% at.

B-9.98% at.

P-0.6% at.
	3.5
	[69]







1 SBET—the specific surface area determined by the Brunauer–Emmett–Teller equation; 2 GO—graphene oxide; 3 PDA—polydopamine; 4 n.d.—not determined; 5 BMIM BF4—1-butyl-3-methylimidazolium tetrafluoroborate; 6 PG—porous graphene; 7 ADC—azodicarbonamide.
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Table 2. Summary of nitrogen-doped graphene synthesized via the hydrothermal method as electrocatalyst for ORR.
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	Type of Sample
	Precursor of Graphene
	Precursor of Heteroatom(s)
	SBET (m2 g−1)
	Electrolyte
	Heteroatom Content
	Electron Transfer Number
	Ref.





	N-graphene
	GO
	Dicyandiamide
	16.4–443.2
	0.1 M KOH/

0.5 M H2SO4
	1.48–11.04% at.
	~4
	[72]



	N-graphene
	CCl4 1
	Pyrrole
	363.7–413.6
	0.1 M KOH
	2.8–2.9% at.
	3.88–3.81
	[73]



	N-graphene
	GO
	Urea
	177.6–280.4
	0.1 M KOH
	3.98–6.56% at.
	3.27–3.89
	[74]



	N-graphene
	GO
	Urea
	489–592
	0.1 M KOH
	7.6–7.8% wt.
	2.62–3.11
	[75]



	N-graphene
	GO
	Urea
	69
	0.1 M KOH
	n.d. 2
	3.61
	[79]



	N-graphene
	GO
	NH3 (gas)
	n.d.
	0.1 M KOH
	2.8% at.
	2.63
	[83]



	N,B-graphene
	GO
	NH3/boric acid
	n.d.
	0.1 M KOH
	N-16.57% at.

B-14.37% at.
	3.97
	[83]



	N,B-graphene
	GO
	(NH4)2B4O7 × 4H2O
	n.d.
	0.1 M KOH
	N-4.25–4.43% at.

B-3.03–3.55% at.
	3.05–3.84
	[91]



	N,F-graphene
	GO
	Urea/TFA 3
	103
	0.1 M NaOH
	n.d.
	3.41
	[79]



	N,S-graphene
	GO
	Urea/thiourea
	374–441
	0.1 M KOH
	N-1.5–1.9% wt.

S-1.9–2.1% wt.
	3–4.05
	[75]



	N,S-graphene
	GO
	Thiourea
	354.8
	0.1 M KOH
	N-3.13% at.

S-1.31% at.
	>3
	[87]



	N,S-graphene
	GO
	NH4SCN
	220
	0.1 M KOH
	N-4–19.7% wt.

S-4.1–28.7% wt.
	3.9
	[84]



	N,B,P-graphene
	GO
	NH3/BPO4
	93–372
	0.1 M KOH
	N-1.98–4.50% at.

B-3.73–6.53% at.

P-3.07–3.80% at.
	3.13–3.71
	[86]



	N,P,S-graphene
	GO
	Thiourea/TPP 4
	250.2–301.3
	0.1 M KOH
	N-2.88–4.34% at.

S-0.89–1.24% at.

P-0.96–1.31% at.
	>3.4
	[87]







1 CCl4—tetrachloromethane; 2 n.d.—not determined; 3 TFA—trifluoroacetic acid; 4 TPP—triphenylphosphine.













[image: Table] 





Table 3. Summary of nitrogen-doped graphene synthesized via the CVD method as an electrocatalyst for ORR.
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	Type of Sample
	Source of Carbon
	Precursor of Heteroatom(s)
	SBET (m2 g−1)
	Electrolyte
	Heteroatom Content
	Electron Transfer Number
	Ref.





	N-graphene
	CH4
	gC3N4/NH3
	830
	0.1 M KOH
	0.7–6.5% at.
	3.86–3.88
	[14]



	N-graphene
	CH4
	N2 (gas)
	311.7–400.2
	0.1 M KOH/

0.1 M HClO4
	3.8–6.7% at.
	>3.9
	[95]



	N-graphene
	CH4
	NH3 (gas)
	n.d. 1
	0.1 M HClO4
	n.d.
	n.d.
	[97]



	N-graphene
	CH4
	NH3 (gas)
	n.d.
	0.1 M KOH
	n.d.
	3.6–4
	[101]



	N-graphene
	CH4
	NH3 (gas)
	1440
	0.1 M KOH
	3.41% at.
	>3
	[105]



	N-graphene
	CH4
	Pyridine
	1531–1732
	0.1 M KOH
	1.18–1.81% at.
	3.34
	[106]



	N-graphene
	Pyridine
	Pyridine
	1000
	0.1 M KOH
	2.26–4.95% at.
	1.1–3.9
	[109]



	N,S-graphene
	C2H5OH
	Thiourea
	43.8–119.5
	0.1 M KOH
	N-4.50% at.

S-0.77% at.
	3.6–3.8
	[102]



	N,S-graphene
	Pyrimidine/thiophene
	Pyrimidine/thiophene
	640
	0.1 M NaOH
	N-2–9.6% at.

S-0.7–3.2% at.
	3.2–4.1
	[103]







1 n.d.—not determined.
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Table 4. Summary of nitrogen-doped carbon nanotubes synthesized via the pyrolysis as an electrocatalyst for ORR.
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	Type of Sample
	Type of Carbon
	Precursor of Heteroatom(s)
	SBET (m2 g−1)
	Electrolyte
	Heteroatom Content
	Electron Transfer Number
	Ref.





	N-CNT
	CNT
	urea/DCDA 1
	n.d.
	0.1 M KOH
	4–6% at.
	>3.5
	[15]



	N-CNT
	CNT
	melamine
	104.7
	0.1 M KOH
	0.193% at.
	2.77–2.80
	[51]



	N-CNT
	CNT
	NH3/aniline
	n.d.
	0.1 M KOH
	n.d.
	2.5–4
	[20]



	N-CNT
	FePc 2
	NH3 (gas)
	n.d.
	0.1 M KOH
	3.6–5.6% at.
	1.8–3.9
	[113]



	N-CNT
	CNT
	urea
	230–284
	0.1 M KOH
	0.5–1.7% at.
	2.9–3.55
	[114]



	N-CNT
	CNT
	urea/NH3
	n.d.
	0.1 M KOH
	n.d.
	>3.7
	[115]



	N-CNT
	CNT/GO
	PEI 3/DCDA
	n.d.
	1 M HClO4
	1.5–3.1% at.
	3.58–3.94
	[120]



	N-CNT
	C2H4
	pyrrole
	149.46–192.47
	0.1 M KOH
	5.69–6.90% at.
	3.03–3.94
	[131]



	N-CNT
	CNT
	melamine
	101–479
	0.1 M KOH
	3.54–15.76% at.
	~4
	[133]



	N-CNT
	CNT
	CM 4/DCDA
	n.d.
	0.1 M KOH
	2.3–3.7% at.
	4
	[23]



	N-CNT
	CNT
	NH3 (gas)
	n.d.
	0.1 M KOH/

0.5 M H2SO4
	3.09% at.
	3.88–3.96/

3.19–3.96
	[134]



	N,B-graphene
	CNT/

BGQDs
	NH3 (gas)/

Boric acid
	n.d.
	0.1 M KOH/0.01 M PBS/0.1 M HClO4
	N-0.5% wt.

B-4.86% at.
	3.2–3.5
	[123]



	N,S,F-graphene
	CNT
	BMITFSI 5
	293–489
	0.1 M KOH
	N-4.67.5% at.

S-0.6%–1.1% at.

F-0.7%–1.2% at.
	3.4–4
	[115]







1 DCDA—dicyandiamide; 2 FePc—iron(II) phthalocyanine; 3 PEI—polyethylenimine; 4 CM—cyanamide; 5 BMITFSI—1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide.
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Table 5. Summary of nitrogen-doped carbon nanotubes synthesized via CVD and the hydrothermal method electrocatalyst for ORR.
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	Type of Sample
	Type of Carbon
	Precursor of Heteroatom(s)
	SBET (m2 g−1)
	Electrolyte
	Heteroatom Content
	Electron Transfer Number
	Ref.





	N-CNT
	CNT/CQDs
	EDA 1
	n.d.
	0.1 M KOH
	n.d.
	3.78–3.85
	[139]



	N-CNT
	CNT
	NH4OH
	388
	0.1 M KOH
	1.32% at.
	3.7–3.8
	[140]



	N-CNT
	Acetonitrile
	Acetonitrile
	n.d.
	0.1 M KOH/

0.5 M H2SO4
	3% at.
	2–3.5/2–4
	[142]



	N-CNT
	FePc
	Aniline/DEA 2/EDA
	n.d.
	0.5 M H2SO4
	4.33–6.58% at.
	3–3.6
	[144]



	N-CNT
	Pyridine
	Pyridine
	n.d.
	0.5 M H2SO4
	4.29–5.6% wt.

1.8–2.5% at.
	n.d.
	[145]



	N,B-CNT
	CNT
	L-aspartic/orthoboric acid
	136.2
	0.1 M KOH
	N-1.19% at.

B-0.51% at.
	3.48
	[135]



	N,B-CNT
	CNT
	BN 3
	n.d.
	0.1 M KOH
	n.d.
	3.9
	[136]



	N,S-CNT
	CNT
	(NH4)2 S
	n.d.
	0.1 M KOH
	N-2.65% at.

S-0.76% at.
	n.d.
	[140]







1 EDA—ethylenediamine; 2 DEA—diethylamine; 3 BN—boron nitride.
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Table 6. Summary of nitrogen-doped porous carbons derived from natural precursors as electrocatalysts for ORR.
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	Type of Sample
	Precursor of C and N
	SBET

(m2 g−1)
	Electrolyte
	N Content
	Electron Transfer Number
	Ref.





	N-C 1
	Seaweed
	674.63–1217.78
	0.1 M KOH
	1.8–5.21% at.
	3.7
	[153]



	N-C
	Spiral seaweed
	199.2–1610.3
	0.1 M KOH
	4.5–5.1% wt.
	4
	[154]



	N-C
	Sargassum spp.
	3.84–188.87
	0.5 M KOH
	0.56–0.95% wt.
	n.d. 2
	[155]



	N-C
	Shrimp shell
	647.7
	0.1 M KOH
	7.44% at.
	3.8
	[156]



	N-C
	Shrimp shell
	13.4–360.2
	0.1 M KOH
	6.8–11.8% at.
	1.36–2.95
	[157]



	N-C
	Fish bone
	n.d.
	0.1 M KOH
	6.02% at.
	n.d.
	[158]



	N,S-C 3
	Algae, MEL 4
	538
	0.1 M KOH
	2.63% at.
	3.97
	[159]



	N-C
	Green algae
	366–623
	0.1 M KOH
	2.16–7.09% wt.
	3.44–3.84
	[160]



	N,Co-C
	Alginate
	252
	0.1 M KOH
	2–5.5% at.
	>4
	[162]



	N-C
	Alginate
	470.9
	0.1 M KOH
	1% at.
	4
	[161]



	N-C
	Chitin, chitosan
	625–1801
	0.1 M KOH
	4.85–10.85% wt.
	2.17–3.76
	[163]



	N-C
	Chitosan
	907
	0.1 M KOH
	n.d.
	3.9–4
	[164]



	N-C
	Chitosan
	78–1317.97
	0.1 M KOH
	4.7–8.1% wt.
	2.2–3.5
	[165]



	N-C
	Chitosan
	n.d.
	0.1 M KOH
	n.d.
	3.9–4.1
	[166]



	N-C
	Chitosan
	285
	0.1 M KOH
	3.3–4.5% wt.
	n.d.
	[167]



	N-C
	Gelatin
	376–839
	0.1 M KOH
	4.69–5.73% at.
	3.41–4.14
	[171]



	N-C
	Gelatin
	739.5–933.9
	0.1 M KOH
	1.19–1.79% at.
	3.7–3.85
	[172]



	N-C
	Gelatin
	189.8–1215.4
	0.1 M KOH
	3.6–4.3% at.
	3.9–4
	[173]



	N-C
	Gelatin
	360–880
	0.1 M KOH
	3.24–10.08% wt.
	3.17–3.85
	[160]



	N,Fe,Mg-C
	Gelatin
	370–650
	0.1 M KOH
	5.8–6.8% wt.
	3.9–4.2
	[174]



	N,Co-C 6
	Corn stover, urea, CoCl2
	1877.3
	0.1 M KOH
	2.56% at.
	3.87
	[175]



	N-C
	Ginkgo leaves, NH3
	1436.02
	0.1 M KOH
	1.59% at.
	3.7
	[176]



	N,P-C 5
	Coconut shells, H3PO4, urea
	1216
	0.1 M KOH
	0.5–1.1% at.
	4
	[177]



	N,P-C
	Cellulose, MEL, PA 7
	241–612
	0.1 M KOH
	2.4–4.4% at.
	3.58–3.99
	[5]



	N,P-C
	Cellulose, (NH4)3PO4
	n.d.
	PBS 8
	2.17% at.
	3.5
	[178]







1 N–C—nitrogen-doped carbon; 2 n.d.—not determined; 3 N,S–C—nitrogen and sulfur-doped carbon; 4 MEL—melamine; 5 N,P–C—nitrogen and phosphorus-doped carbon; 6 N,Co–C—nitrogen and cobalt-doped carbon; 7 PA—phytic acid; 8 PBS—phosphate buffer solution.
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Table 7. Summary of nitrogen-doped carbon nanofibers as electrocatalysts for ORR.
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	Type of Sample
	Precursor of CNF
	Precursor of Heteroatom
	SBET

(m2 g−1)
	Electrolyte
	N Content
	Electron Transfer Number
	Ref.





	N-CNF
	C6H13NO5xHCl
	C6H13NO5xHCl
	643–1324
	0.1 M KOH
	1.64–4.67% at.
	3.74–4.02
	[204]



	N-CNF
	Bacterial cellulose
	C4H5N
	215–253
	0.1 M KOH/ 0.1 M HClO4
	4.90–8.33% at.
	3.7
	[206]



	N-CNF
	Bacterial cellulose
	NH3
	916
	0.1 M KOH
	5.8% at.
	3.96
	[207]



	N-CNF
	PAN 1
	PAN
	n.d. 2
	0.1 M KOH
	2% at.
	3.9
	[189]



	N-CNF
	PAN, PS 3
	PAN
	905–1271
	0.1 M KOH
	n.d.
	3.7–3.8
	[208]



	N-CNF
	Xylene
	pyridine
	130
	0.5 M H2SO4/0.1 M KOH
	4% at.
	3.97
	[209]



	N-CNF/Fe
	Graphite
	NH3
	225
	0.5 M H2SO4
	3.3% at.
	n.d.
	[211]



	N-CNF/Ni or Fe
	Graphite
	NH3
	35–226
	0.5 M H2SO4/0.5 M KOH
	1.5–3.9% at.
	2–4
	[213]



	N-CNF
	Graphite
	NH3
	152–210
	0.5 M H2SO4
	2.4–5.1% at.
	n.d.
	[192]



	N-CNF
	Graphite
	NH3
	270–1151
	0.5 M H2SO4
	0.24–4.7% at.
	n.d.
	[212]



	N,P,S-CNF
	Cellulose nanofibrils
	C3H6N6, C6H18O24P6
	565–1217
	0.5 M H2SO4/0.1 M KOH
	2.4–4.3% wt.
	3.58–3.99
	[5]







1 PAN—polyacrylonitrile; 2 n.d.—not determined; 3 PS—polystyrene.
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