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Abstract:
Material selection and design are the important endeavors in scientific pursuit for various applications.   Energy conversion and storage and environmental protection are the important areas of research and the one material that will receive attention in these times is nitrogen containing carbon materials since they are being examined as alternate electrode material for oxygen reduction reaction (ORR), hydrogen evolution reaction (HER) and for material for hydrogen storage. These important applications have been mainly based on noble metals (especially Pt), but the advent of nitrogen containing carbon materials have changed the situation.   The reasons for these energy conversion applications have to be elucidated.   The questions either the electronic structure of these materials or the active centres created in these materials are the factors responsible for these applications? 



Introduction
Most of the energy conversion processes have mostly been centred around the element ‘carbon’.   The element carbon has many manifestations starting from graphite, diamond, carbon nanotubes, graphene sheets and the list of these materials is ever increasing.  There are various characteristics of carbon materials like the ease of production from various sources, (biomass, or fossil sources) cost of production, and ease of fabrication possibilities make these materials receiving considerable attention in recent times [1,2]. These materials have low cost, high surface area, and good mechanical and electrical properties. Moreover, these materials display high chemical and electrochemical stability [3,4].   These materials find various applications including in the development of supercapacitors [5,6] in other energy storage and conversion devices,[7] and also promote sluggish reactions like Oxygen Reduction Reaction (ORR) [8-13].   Electrochemical capacitors are going to play an important role in portable electronic devices and also to provide power density to hybrid electric vehicles.   Efforts have been directed in improving the energy output of ECs although its enhancement at the same time keeping the high-power density is the aim of the investigations in recent times. Even though, many materials like metal oxides, conducting polymers and new carbon materials have been consistently evaluated as electrode materials in ECs. In recent times nitrogen containing carbon materials are evolving as an alternate material for EC application in terms of energy storage. 
The textural modifications have been examined in various publications and their variations have been exploited in a number of applications.    In conventional materials like oxides and other binary systems, doping is one of the methods to alter the electronic property of the parent substance.  The choice material to be doped has to be made on the basis of various factors like ionic sizes involved in both the dopant and the doped material and also the solubility ins the solid state. Even then, there will be multiple possibilities for the doping ions to occupy in the lattice of the doped material. Two of these possibilities have been extensively exploited like substitution site and interstitial site. Depending on the position the doped species takes in the lattice, it will alter the basic usually electronic property of the base material.  These aspects have been extensively considered for developing many functional semiconductors for specific applications in industry. 
However, the science of doping in carbon materials is unique since the doped atoms take substitution positions in the lattice. There is another special feature doping in carbon materials is that the doped atoms can be incorporated in carbon materials by the synthesis methods adopted or the precursor materials employed.   This gives unique possibilities for the location of the doped species in carbon materials.   This special feature will incorporate in the doped carbon materials not only electronic property changes, but also the geometric arrangement of the doped species and they can also give rise to specific functionality.   These are the unique features of doping in carbon materials. Among the various elements that can be doped in carbon materials, nitrogen occupies an important place.   Even its doping in conventional binary semiconductors like TiO2 has given rise to questions (doped in lattice position or in interstitial site) and this has been debated in the literature [14]. 
Among the heteroatom-doped carbon-based materials, nitrogen doped carbon materials are particularly interesting from the point of materials. These systems exhibit a variety of properties like altered electrical conductivity, specific active sites for surface transformations, and other properties necessary for exploitation as solid state materials for devices in energy storage and conversion.  In order to explore the full potential of these materials, it is necessary the local structure of the so-called active sites should be known and in N-doped carbon materials there are variety of such active sites.  The interest in functionalization strategies have been promoted by the wide application potential for these materials. The state of the nitrogen atoms in the carbon materials have been identified from the values of the binding energy of 1s level of nitrogen by x-ray photoelectron spectroscopy.    The pyridinic configuration is associated with the emission around binding energy values 398-399 eV. The pyrrolic species and other defect components are usually identified by emission centred around 399.5-400.5 eV.  The nitrogen in graphitic configuration centred at 400-401 eV [15,16].   At higher binding energies with respect to graphitic nitrogen the observed signals are usually associated to graphitic valley N [17]. Nitrogen species at an electronegative environment like linked to oxygen gives rise to signal at higher binding energies [18]. Other nitrogen species like N-adatoms or multi-fold coordinated nitrogen species may give rise to signals near the pyrrolic nitrogen at around 400 eV. These identified species are pictorially represented in Fig.1.The binding energy values and the species associated with each of these binding energies are those that are reported in literature but however, there can be other alternate assignments. 
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Fig.1. The possible nitrogen species in carbon materials. [Figure adopted from reference 19,22].
It is usually conceived that nitrogen doping in carbon materials can change the charge distribution in the backbone of the carbon skeleton. In addition, the specific locations in five or six membered rings can function as active centres suitably modulated by the skeleton. Because of the various possibilities of the possible active centres, the identification of specific active site for a chosen function by carbon materials like for ORR reaction is still difficult. In fact, in literature no single specific site has been identified for a chosen reaction on N-doped carbon materials due to the simultaneous presence multiple nitrogen species, the inherent surface heterogeneity, the attendant alterations in the work function of the material at the interface, the morphology of the resultant material and other resultant changes in the structural parameters. In addition, thermal treatments can change pyrrolic N into pyridinic N and also ultimately in to the quaternary N [20,21] and hence it will be difficult to exact active site as these changes can take place in situ.  The synthesis and characterization of nitrogen doped carbon materials need sophisticated probing techniques which could unambiguously identify the nature of the active sites and facilitates the elucidation of the mechanism of the reactions.
It is normally conceived that nitrogen doping in carbon materials alter the electronic property of the material.   This may be true and in most cases it can be so.   However, the functional character of these nitrogen species in carbon skeleton and the consequent geometric factor cannot be ignored.  There can be attendant strain in the carbon skeleton and this stress can also be another activated state for the resultant activity.
2. On the synthetic approaches for the preparation of N-containing carbon materials
Essentially, two synthetic strategies are practiced to generate nitrogen doped carbon materials.  The synthetic approach employed on what type of carbon materials are required.   The two strategies commonly employed is using in situ precursor materials or post treatment of the carbon material obtained. The precursors with nitrogen and carbon atoms like acetonitrile, [23] melamine [24] and polyacrylonitrile [25] were mostly employed to synthesize N-doped carbon nanomaterials. For the posttreatment strategy, carbon nanomaterials were treated in the presence of various nitrogen sources, and the nitrogen atoms replaced certain carbon atoms [26,27]. Each of these strategies have their advantages and disadvantages. The in-situ doping method offers uniform distributions of nitrogen atoms with a well-defined structure, whereas the post-treatment strategy may change the structure of the carbon precursors, such as the texture and morphology. However, the in-situ doping method often requires high temperatures and complex processes, and the chemical reagents used may be poisonous. The yield and the rates of N-doped carbon materials produced have not been well discussed in literature.  In contrast to the post-treatment strategy with a surplus supply of nitrogen, in-situ doping is more effective because the synthesis of carbon nanomaterials and the N-doping takes place at the same time. Therefore, the in-situ approach shows relatively higher yield rates, which represent easy reactions which deserve more research. Though the synthetic procedures are broadly classified into two the detailed methodology [28] can be further subdivided into some subsections as follows:
(i) Carbonization of a nitrogen-containing precursor (such as pyridine, melamine, and polyaniline), this can be followed by chemical of physical activation.
(ii) Hydrothermal carbonization of nitrogen containing compounds like glucosamine, cyanuric acid.
(iii) Templating methodology using nitrogen-containing precursor followed by thermal treatment
(iv) Post-thermal treatments of a material synthesized previously with a nitrogen containing reactant either in gas or liquid phase.
Among these methods, precursor-based method is most often employed especially using polyaniline as the starting material [29]. The materials derived by this method showed remarkable catalyst supports and also exhibited considerable activity for OR reaction [11]. The main reason for this remarkable feature is due to the functionality that can be inherently present in this procedure [30]. This aspect will be discussed subsequently. 
A second methodology employed for N-doped carbon materials with high texture is based on chemical treatments through organic reactions at low temperatures [31,32]. In addition to the texture of the resultant material, the surface functionalities also are specific and hence these materials are amenable for further changes in the functionalization. This can result in the extent of doping.
The texture functionalization of pure carbon materials can be modified by suitable chemical treatments and this has been already discussed in detail [1,2]. Some general statements on the post-treatment method may be in order at this point.   In addition to employing nitrogen containing precursors, which results in functionalized nitrogen in carbon matrix, other comparatively drastic physical treatment procedures like hydrothermal carbonization [33] annealing [34] plasma [35] or arc discharge [36] are also employed on a variety of carbon materials like activated carbons, carbon nanotubes (CNTs), graphene oxide (GO) and its reduced form, and other forms of carbon. In addition to the nitrogen containing precursors already mentioned other like ammonia [37], urea [38], melamine[39], cyanamide[40], dicyandiamide[41], polyaniline (PANI) and polypyrrole (PPy) [42] have also been used.  It can be remarked that plasma and arc discharge methods have been less employed since the extent of the heteroatom (namely nitrogen) incorporation in carbon materials are generally less compared to the precursor methods.
3. The state of Nitrogen atom in N-doped carbon materials
There are various techniques that can be employed to identify the state of nitrogen in carbon frame work.   Among these, photoelectron spectroscopy and temperature programmed desorption have been utilized in this connection.   In X-ray Photoelectron spectroscopic technique (XPS) the value of the binding energy of 1s level of nitrogen is in the energy range 398-404 eV.  The wide scan spectrum of nitrogen substituted in carbon materials treated at two temperatures are given in Fig.2.
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Fig.2. Nitrogen 1s core level XPS spectra for N-CNT samples treated at (a)NCNT-L;823K(b) NCNT-H;1023 K (N1 Pyridinic N; N2pyrrolitic N; N3 graphitic N; N4 pyridine-N-oxide and N5 chemisorbed nitrogen oxide) [Figure reproduced with permission from ref.43].
The assignments of the XPS peaks to various nitrogen species appear to follow the general principles of electron density around the atom. If the electron density around the atom considered were to increase, it will result in a decrease in binding energy of the core level due to electron-electron repulsion. The assignments given (N1 to N5) are the general species that can be expected by substitution of Nin the carbon framework.   However, there can be other types of nitrogen environments when nitrogen substituted carbon materials are prepared from precursor materials. This also shows that the carbon 1s spectrum of carbon species adjacent to the nitrogen substituted site needs careful examination. These aspects need attention in future research.   
It is also noticed from the spectra shown in Fig 2 that as a function of heat treatment temperature, the binding energy of the 1s core level of nitrogen changes to lower binding energy value showing the net charge density increases around the heteroatom. These changes can be due to density changes or environmental changes as a result of heat treatment. This aspect has not yet received attention.  If the temperature effect were to be sintering of the solid, then it should also reflect in the valence band spectrum of the solid.   
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Fig.3.Valence band spectra near the Fermi energy level for pure, nitrogen functionalized (as dep RT) and annealed nitrogen functionalized N-CNTs. In the inset the nitrogen 1s core level XP spectra are also shown. {reproduced with permission from Ref.44].
The observation that the Fermi level shifts towards the less negative values shows that the density of states (DOS) is altered at the Fermi level and this shift is a function of the annealing temperature.   What does this mean?   The reductive behavior of these materials is enhanced and possibly accounts for the special place N-doped carbon materials occupy in electrochemical energy storage and also for its remarkable activity towards ORR. This aspect will be taken up in a subsequent section.
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The N1s spectra of CNx samples grown at 700,750,800, 850 and 9000 C. It is seen that a variety of nitrogen species is present in these materials and also the relative amounts of graphitic to pyridinic N in these samples vary with temperature [Reproduced from Ref 45]
It is seen that there are more than the four nitrogen species that can be present on N-substituted carbon materials. This aspect has not yet been fully explored in literature.
Nitrogen incorporated carbon materials have been frequently analyzed by XPS to identify the state of N-atom in the carbon matrix and various types of nitrogen species have been identified [1x-6x].
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Fig. (a) N K-edge XANES spectra of NG-300, NG-500, NG-700 and NG-800. (b) O K-edge XANES spectra of GO, NG-300, NG-500, NG-700 and NG-800, respectively. (c), (d), (e) and (f) High resolution N 1s XPS of NG-300, NG-500, NG-700 and NG-900, respectively.
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Fig  XP spectra of two nitrogen containing carbon materials prepared from polymer source and carbon source from EDA  with different amounts of nitrogen source [From ref.  ]
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Fig N1s and O 1s XPspectra of chitosan based Activated carbons Reproduced from 
Agata Sliwak, Noel Diez, Ewa Miniach and Grazyna Gryglewicz, Nitrogen containing chitosan based carbon as electrode material for high performance supercapacitors, J Appl.Electrochem., 46,667 (2016)
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4. Energy Conversion and Energy Storage Applications
One of the prominent applications of carbon materials is their use as electrode materials.  Among the various possibilities, electrode materials for supercapacitor applications assume an important place. Electrochemical capacitors (EC) are considered complementary to batteries for energy storage mainly due to their high-power density, extremely long cycle life and more reliable safety features. ECs have been widely applied in portable electronics, power back-up devices and hybrid electric vehicles (HEVs) to provide the cranking power. An Electrical double layer capacitor (EDLC) generally composed of two electrodes made of activated carbon, which are soaked in a nonaqueous or aqueous electrolyte and separated by a porous membrane separator.
Nitrogen-doped carbons (NCs) have recently demonstrated to be promising to improve the capacitance via surface Faradaic reactions without sacrificing the high rate capability and long cycle life. The new NCs show good electronic conductivity, and they can be easily prepared at low
 cost as stated above. To the best of our knowledge, nitrogen has been the most studied doped heteroatom (among B, P, S and N) for carbonaceous electrode materials over the past several years. 
In the recent years there have been many review papers [46-55] focusing on different fields of carbon-based materials for energy storage, including supercapacitors, LIBs and H2 storage, and catalysis, such as oxygen reduction reaction for fuel cells. For example, in 2010 Inagaki and coworkers [46] reviewed the development of carbon materials used for Electrical Double Layer capacitors (EDLC).  These authors suggested that carbonization, ammoxidation and steam activation could be employed to prepare Nitrogen doped carbons. They proposed two kinds of preparation methods the first group was obtained by the carbonization of melamine foam or polyaniline, while the second group was prepared by carbonizing nitrogen containing polymers and organic compounds with various templates.
For applications in supercapacitors, Nitrogen containing carbon materials are attractive because the nitrogen-enabled functionalities contribute to the pseudo-capacitance, enhance the conductivity of the materials, and increase the active surface area accessible to the electrolyte by improving the wettability of the electrodes.   While nitrogen has been proven to play an important role in supercapacitors, the detailed mechanisms of how nitrogen affects the capacitive behavior are yet to be confirmed owing to at least two factors: (1) the types of nitrogen in NCs and their relative populations have yet to be controlled well by the synthesis routes, calcination temperature/time and the nitrogen precursors; (2) the effects of the four most dominant nitrogen
functionalities (pyrrolic-, pyridinic-, quaternary-/graphitic-N and N-oxides with pyridine) on their contribution to the capacitive performances, such as pseudo-capacitance, specific capacitance as well as rate and cycle performance, in different electrolytes are complicate. This will result in in contradictory results from the studies of NCs for applications in supercapacitors. 

Even though N-doped carbon materials (NCs) have been exploited for supercapacitor applications, still the exact role played by the doped nitrogen atoms to the exhibited properties especially the redox behavior at certain potential ranges and also the Coulombic efficiency have yet to be ascertained.   The additional capacitive mechanism which accounts for the observed capacitance values observed with N-doped carbon materials has to be identified. There are a variety of  synthetic strategies ranging from simple heat-treatment of carbons with  nitrogen containing complexes to carbonization of nitrogen containing complexes under inert atmosphere or hydrothermal treatment have been reported in literature but the control of nitrogen content in the resulting material and also the variation of nitrogen content with different preparation conditions could not be precisely predicated.   Another aspect regarding these materials is the changes in the values of surface area as a result of nitrogen incorporation in carbon matrix, though it is known that with high nitrogen content results in a low surface area. It is realized that there is still need for further investigations in the development of synthesis procedures so that the NCs can be prepared with high porosity keeping the high nitrogen content. In addition, control of the nature of nitrogen in these materials should be achieved so that electronic and chemical properties can be tuned as well as a priori predicted. For supercapacitor applications, NC-based materials are attractive because the nitrogen-enabled functionalities contribute to the pseudo-capacitance, increase the conductivity of the materials, and increase the active surface areas accessible to the electrolyte by improving the wettability of the electrodes. While nitrogen substitution in carbon materials play an important role in supercapacitor applications, however, the detailed mechanism of how nitrogen substitution affects the capacitive behavior is yet to identified.  The effects of the dominant nitrogen functionalities like pyrrolic-, pyridinic-, quaternary-/graphitic-N and N-oxides with pyridine on their contribution to the capacitive values, such as pseudo-capacitance, specific capacitance as well as rate and cycle performance, in different electrolytes have yet to identified.
Another aspect on which the literature is not explicit is the extent of doping in carbon matrices. In the literature any value between ~0.3 to 8.9 atomic percent is reported either in the precursor based or after treatment procedures.   These values are tabulated in reference [56]. The nitrogen bonding configuration of ammonia-grown Nitrogen containing carbon materials investigated by XPS and most of the nitrogen has been identified as graphitic-N configuration [57-60], although there are reports of the nitrogen being in the pyridinic-N and pyrrolic-N configurations. There are three methods used to introduce nitrogen into a pristine graphene lattice: exposure to ammonia at elevated temperatures, bombardment with an ion-gun, and exposure to nitrogen containing plasma.
In nitrogen containing carbon materials, the actual role of different N-functional groups  (pyridinic, pyrrolic, graphitic and extent crystallinity) and other characteristics like porosity, surface area, extent of graphitic nature and extent of crystallinity in supercapacitor applications has not been clearly demarked in spite of so many publications in this direction.   The virtue of nitrogen-containing functional groups in electrolytes with different pH values, the redox behavior in certain potential ranges, and the coulombic efficiency in a two-electrode system still unclear. 
The mechanisms of pseudo-capacitance in N-enriched carbons have yet to be confirmed, although initial studies indicate that the presence of nitrogen atoms on the edges of graphene sheets may play a crucial role.[1sc-5sc]. Seredych et al. suggested very strong dependence of capacitance on the chemistry of surface groups as well as on the porosity of NCs in acidic electrolytes[5sc]. Furthermore, correlations were found between the number of basic groups and the gravimetric capacitance, and between the normalized capacitance in micropores and the distribution of quaternary and pyridinic-N-oxide nitrogen species on the surface of the micropores, particularly at high current loads. At the same time, pyridinic and pyrrolic nitrogen groups (along with quinone oxygen groups) have the largest effect on capacitance[5sc].   However, ammonia treated low surface-area non-porous carbon materials prepared from melamine–mica composites demonstrate excellent cyclability and capacitance three times higher than the untreated composites. Materials oxidized prior to ammonia treatment, with higher nitrogen content, larger concentration of pyrrole-like nitrogen groups, showed improved pseudo-capacitance [6sc]. Subsequently, other reports on pseudocapacitive effects in the presence of pyrrole and/or pyridine species as detected at XPS binding energies in the range of 398.0– 400.5 eV. These studies have been already referred to. More on the perspectives will be given in the conclusion. 
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These studies led to the postulate that  pseudo-capacitance in Nitrogen containing carbons is due to negatively charged groups located at the edges of the carbons, like pyrrolic-N and pyridinic-N, while the positive charge on quaternary-N and pyridine-N-oxide does not have any effect on the pseudo-capacitance, but only helps in electron transport in carbon.   However, this contention is still debatable as some other investigations suggest that the presence of quaternary-N could introduce some pseudo-capacitance by interacting with protons in acidic electrolyte, or by interacting with the anions in alkali electrolyte.
 The electrochemical performance of Polypyridine (PNs) nanospheres, and carbon nanospheres (CNs) calcined at different temperatures, and microporous carbon nanospheres derived by the chemical activation of nitrogen containing carbon materials has been investigated.   It was found that PNs and CNs with low surface areas displayed very poor capacitive performance although they contained abundant N containing functional groups.   The presence of nitrogen functionalities can get protonated in acidic electrolytes and this will give rise to reversible specific capacitance of around 200F g-1. The   mechanisms regarding the redox reaction of N-containing functional groups was proposed, that is,  the redox reaction between pyridone-and pyridinic-N and  the redox reaction between N–O and pyridinic-N are responsible. The dependence of capacitance on the porosity of NCs has been documented; however, the correlation between the number of basic groups and the capacitance has not been well demonstrated.   Though there are attempts to correlate the number of basic groups and the observed capacitance, these correlations have no predictive value.  The treatment of carbon materials in KOH has been shown to affect the exposed surface area of the resultant material [2], however the nitrogen content in these materials changed depending on the nature of nitrogen species in these materials.
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Fig. capacitance versus nitrogen content in nitrogen containing carbon materials {reproduced from Elzbieta Frakowiak, supercapacitors based on carbon materials and ionic liquids, J.Braz.chem.soc., 17,1074 (2006).
It is proposed that comparable capacitance values can be expected in carbon materials containing nitrogen even if the surface area of the resulting material is moderate.   Secondly the calcination temperature of  these materials can also contribute to this phenomenon that is materials obtained at 973 K calcination will show better capacitance values as compared to the material calcined at 1173 K this observation can be due to two effects namely the change in surface area (this is due to accessibility to solvent) and also the nitrogen content.  The presence of heteroatoms can additionally contribute due to pseudo-Faradaic effect.
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Nitrogen (N)–doped carbon materials exhibit high electrocatalytic activity for the oxygen reduction reaction (ORR), which is essential for several renewable energy systems. The
ORR active site is not yet explicitly identified. The ORR active site by using newly designed graphite (highly oriented pyrolitic graphite) model catalysts with well-defined p conjugation and well-controlled doping of N species. The ORR active site is created by pyridinic N. Carbon dioxide adsorption experiments indicated that pyridinic N also creates Lewis basic sites. The specific activities per pyridinic N in the HOPG model catalysts are comparable with those of N-doped graphene catalysts. Thus, the ORR active sites in N-doped carbon materials are carbon atoms with Lewis basicity next to pyridinic N. 


Nitrogen-containing polyaniline-based carbon nanospheres (C-PANI) with diameters of about 200 nm are prepared through a direct carbonization method using polyaniline (PANI) nanospheres as carbon precursors at different temperatures. The PANI nanospheres are synthesized via in situ oxidation polymerization of aniline in the presence of sodium carboxymethyl cellulose as a polymerization template. The C-PANI with 6.69% nitrogen content obtained at 800 _C (C-PANI-800) can achieve a high capacitance of 359 F g_1 at the current density of 1 A g_1 in 6 M aqueous KOH electrolyte, meanwhile maintaining excellent rate capability (81% retention at 20 A g_1). Furthermore, a symmetric supercapacitor fabricated with C-PANI-800 electrodes exhibits an energy density of 17.5 W h kg_1 at a power density of 227 W kg_1 and superior cycle stability (only 4% loss after 5000 cycles), operating in the voltage range of 0–1.8 V in 0.5 mol L_1 Na2SO4 aqueous electrolyte.
Hui Peng, Guofu Ma, Kanjun Sun, Jingjing Mu, Xiaozhong Zhou and Ziqiang Lei, A novel fabrication of nitrogen-containing carbon nanospheres with high rate capability as electrode materials for supercapacitors, RSC Adv., 2015, 5, 12034.
We pyrolyzed and activated novolac beads in one single step with ammonia at different temperatures (750e950 _C), which leads to a highly porous carbon with nitrogen-doping. The chemical and physical properties were characterized and correlated with the electrochemical performance as supercapacitor electrodes. The average pore size varied at 0.6e1.4 nm dependent on the synthesis temperatures. Three different electrolytes (aqueous, organic, and an ionic liquid) were tested. The specific capacitance in a symmetrical supercapacitor reached up to 173 F g_1 and was strongly dependent on the porosity of the electrode material and the kind of electrolyte. We found that the presence of nitrogen enhanced the electrochemical performance stability and led to a high specific energy of 50Wh$kg_1 using an ionic liquid as electrolyte.
Benjamin Krüner  Anna Schreiber  Aura Tolosa, Antje Quade, Felix Badaczewski,
Torben Pfaff, Bernd M. Smarsly, Volker Presser, Nitrogen-containing novolac-derived carbon beads as electrode material for supercapacitors, Carbon, 132, 220-231 (2018).
A facile and cost-effective approach to flexible high nitrogen-containing porous carbon fiber sheets (PNCFs) was disclosed. The PNCFs were fabricated through a facile strategy of activation/doping of flax fabrics in ammonia (NH3). The procedure parameters of NH3 modification, such as the timing of NH3 switching, activation temperature and duration time were systematically investigated. PNCFs with the highest specific surface area (SSA) of 1152 m2 g-1, largest pore volume of 0.502 cm3 g-1 and maximal nitrogen content of 5.56 at.% were obtained by activation via NH3 at 900oC for 45 minutes after pre-carbonization. The optimized sample PNCF-IV-900-45 with the highest SSA, developed hierarchical micro-mesoporous structure and maximal nitrogen content exhibits a large energy density of 16.4 Wh Kg-1 at 100 W Kg-1. The NH3-activated flax-derived carbon fiber sheets assembled into a flexible supercapacitor also shows preeminent electrochemical performance and the flexibility. The symmetric
flexible capacitor by PNCF-IV-900-45 electrodes displays a remarkable specific energy density of 174.7 μWh cm-2 at 500 μW cm-2, which results from the hierarchical porous structure and N functionalities. The synergistic combination of the hierarchical micro-mesoporous textures, high specific surface area, N-doping and flexibility of flax-based PNCFs to the enhanced electrochemical performance in flexible supercapacitor.
Da He1, Ling Wu, Yucen Yao, Jiang Zhang, Zheng-Hong Huang, Ming-Xi Wang, A Facile Route to High Nitrogen-containing Porous Carbon Fiber Sheets from Biomass-Flax for High-performance Flexible Supercapacitors, https://doi.org/10.1016/j.apsusc.2019.145108, Applied surface science, (2019)
Supercapacitors fabricated by 3D porous carbon frameworks, such as graphene- and carbon nanotube (CNT)-based aerogels, have been highly attractive due to their various advantages. However, their high cost along with insufficient yield has inhibited their large-scale applications. Here we have demonstrated a facile and easily scalable approach for large-scale preparing novel 3D nitrogen containing porous carbon frameworks using ultralow-cost commercial cotton. Electrochemical performance suggests that the optimal nitrogen-containing cotton-derived carbon frameworks with a high nitrogen content (12.1 mol%) along with low surface area 285 m2 g−1 present high specific capacities of the 308 and 200 F g−1 in KOH electrolyte at current densities of 0.1 and 10 A g−1, respectively, with very limited capacitance loss upon 10,000 cycles in both aqueous and gel electrolytes. Moreover, the electrode exhibits the highest capacitance up to 220 F g−1 at 0.1 A g−1 and excellent flexibility (with negligible capacitance loss under different bending angles) in the polyvinyl alcohol/KOH gel electrolyte. The observed excellent performance competes well with that found in the electrodes of similar 3D frameworks formed by graphene or CNTs. Therefore, the ultralow-cost and simply strategy here demonstrates great potential for scalable producing high-performance carbon-based supercapacitors in the industry.
High nitrogen-containing cotton derived 3D porous carbon frameworks for high-performance
supercapacitors
Li-Zhen Fan1, Tian-Tian Chen1, Wei-Li Song1, Xiaogang Li1 & Shichao Zhang, Scientific Reports, DOI:10.1038/Srep15388.
Nitrogen-containing activated carbons were prepared from chitosan, a widely available and inexpensive biopolysaccharide, by a simple procedure and tested as electrode material in supercapacitors. The physical activation of chitosan chars with CO2 led to carbons with a
very high nitrogen content (up to 5.4 wt%) and moderate surface areas (1000–1100 m2 g-1). Only chitosan-based activated carbons with a similar microporous structure were considered in this study to evaluate the effect of the nitrogen content and distribution on their electrochemical
performance. The N-containing activated carbons were tested in two- and three-electrode supercapacitors using an aqueous electrolyte (1 M H2SO4), and they exhibited superior surface capacitance (19.5 lF cm-2) and pseudocapacitance compared to a commercial activated carbon
with a negligible nitrogen content and similar microporosity The low oxygen content and the presence of stable quaternary nitrogen improved the charge propagation on the chitosan-based carbons, which was confirmed by the high capacity retention of 83 %. The chitosan-based
carbons exhibited excellent cyclic stability and maintained 100 % of their capacitance after 5000 charge/discharge cycles at a current density of 1 A g-1. These results demonstrate the suitability of chitosan-based carbons for application in energy storage systems.
[bookmark: _GoBack]Agata S ´ liwak,  • Noel Dı´ez, • Ewa Miniach and  Gra_zyna Gryglewicz, Nitrogen-containing chitosan-based carbon as an electrode material for high-performance supercapacitors, J Appl Electrochem (2016) 46:667–677
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