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Abstract

:

Carbon nanomaterials possessing a high specific surface area, electrical conductivity and chemical stability are promising electrode materials for alkali metal-ion batteries and supercapacitors. In this work, we study nitrogen-doped carbon (NC) obtained by chemical vapor deposition of acetonitrile over the pyrolysis product of calcium tartrate, and activated with a potassium hydroxide melt followed by hydrothermal treatment in an aqueous ammonia solution. Such a two-stage chemical modification leads to an increase in the specific surface area up to 1180 m2 g−1, due to the formation of nanopores 0.6–1.5 nm in size. According to a spectroscopic study, the pore edges are decorated with imine, amine, and amide groups. In sodium-ion batteries, the modified material mNC exhibits a stable reversible gravimetric capacity in the range of 252–160 mA h g−1 at current densities of 0.05–1.00 A g−1, which is higher than the corresponding capacity of 142–96 mA h g−1 for the initial NC sample. In supercapacitors, the mNC demonstrates the highest specific capacitance of 172 F g−1 and 151 F g−1 at 2 V s−1 in 1 M H2SO4 and 6 M KOH electrolytes, respectively. The improvement in the electrochemical performance of mNC is explained by the cumulative contribution of a developed pore structure, which ensures rapid diffusion of ions, and the presence of imine, amine, and amide groups, which enhance binding with sodium ions and react with protons or hydroxyl ions. These findings indicate that hydrogenated nitrogen functional groups grafted to the edges of graphitic domains are responsible for Na+ ion storage sites and surface redox reactions in acidic and alkaline electrolytes, making modified carbon a promising electrode material for electrochemical applications.
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1. Introduction


The development of new technologies for electrochemical energy storage devices with high energy density and high power density is essential for portable electronics and electrical vehicles. Recently, sodium-based technologies have become the subject of intense research due to the inexhaustibility of resources and the cheapness of Na. Sodium-ion batteries (SIBs) operate similar to lithium-ion batteries, and are generally assessed as being the most promising candidates for alternative energy storage technologies. Carbonaceous materials are attracting a lot of attention and are considered as potential anode materials for SIBs due to their high conductivity, excellent mechanical and thermal stability, and an abundance of active sodium storage sites [1]. However, the large size of the Na+ ions and its weak interaction with graphitic layers complicates the intercalation of sodium into the graphite structure [2]. It has been recently established, that Na+ adsorption on the surface of nongraphitic carbon electrodes is the main mechanism of sodium storage for these materials [3]. The insertion of Na+ ions into the expanded interlayer space and into pores also occurs in carbon-based electrodes [4,5]. Thus, the hierarchical porous structure and large available surface area with defects and functional groups can provide rich sites that are active for sodium storage and are characterized by strong binding energy and a high energy storage potential. Nowadays, the most desirable carbon anode materials are heteroatom-doped sp2-carbons with a highly developed porous structure and a stable framework, including hard and soft carbon, plant-derived and template carbon [6,7,8,9,10,11]. They are easy to prepare and have a relatively low cost [12,13,14]. Doping of carbon materials with nitrogen is an affordable and promising approach for introducing a large number of defects that are attractive for sodium adsorption and sodium penetration into the volume of a carbon electrode [15,16,17]. In addition, graphitic nitrogen improves electrical conductivity of carbon materials due to its extra valence electron [18,19].



Conventional nitrogen-doping methods, including pyrolysis of nitrogen-containing carbon sources or treatment with nitrogen plasma, yield three main forms of nitrogen dopants (pyridinic, pyrrolic, and graphitic (or quaternary) [20,21,22,23,24], the significance of which in electrochemical applications has been widely studied [23,24,25]. Density functional theory (DFT) calculations revealed that the edge nitrogen species are more attractive for Na+ ions [26]. Numerous experimental and theoretical studies have demonstrated that pyridinic nitrogen, located at the edges of graphitic domains or atomic vacancies, is clearly a favorable site for the chemisorption of lithium and sodium ions [18,27].



The role of other forms of nitrogen, such as imine, amine, and amide groups, is rarely considered in the electrochemical performance of carbon nanomaterials. Only several papers report on the effect of hydrogenated nitrogen species on the ability of carbon materials to accumulate alkali metal ions [28,29,30,31]. Amine-functionalized carbon nanosheets have demonstrated exceptional efficiency in SIBs in the low potential region, which was associated with redox processes involving surface amino groups [28]. Zhundong coal activated in an ammonia atmosphere showed an increased specific capacity of 200 mA h g−1 at a current density of 200 mA g−1, even after 500 cycles for SIBs [29]. The role of imine nitrogen to enhance Li and Na storage performance was demonstrated for the nitrogen doped γ-graphyne [30].



Chemical activation with potassium hydroxide is a common method for modifying carbon materials as it increases their porosity and surface area, which are necessary for good electrochemical performance [15,32,33,34]. Moreover, KOH activation changes the chemical state of the carbon surface and increases the content of oxygen-containing groups, mainly hydroxyl groups. DFT calculations revealed that the presence of dangling carbon bonds and some oxygen-containing functional groups at the edges of atomic vacancies enhances Na binding as compared to nonmodified graphene [35]. However, in the case of nitrogen-containing carbon samples, a strong decrease in the nitrogen content was observed as a result of KOH modification [36]. An ammonia solution can be used as a reagent for the introduction of nitrogen functional groups by impregnation, since ammonium ions formed in aqueous media interact with functional groups on chemically activated carbon [37,38]. The electrochemical reactions of some nitrogen- and oxygen-functional edge groups can be applied to various alkali metal-ion batteries, making chemically modified carbon very attractive as universal electrodes [39].



The ammonia-assisted hydrothermal method offers simplicity and mild reaction conditions. According to previously published results, carbon nanomaterials after hydrothermal treatment with ammonia have a high specific surface area and pore volume, and the reaction of ammonia with the edges of graphene domains leads to the replacement of some oxygen-containing groups by nitrogen species [40,41,42,43]. It was found that pyridinic N, hydrogenated pyridinic N, graphitic N, amine and amide groups can be successfully introduced into the carbon materials due to the reaction with ammonia in hydrothermal conditions [40,41,42,43]. For carbon nanomaterials with abundant vacancy defects and oxygen-containing groups, interaction with ammonia can results in the development of NHx groups. However, little attention is paid to the effect of successive treatment with KOH and an ammonia solution on the composition of the functional groups of a carbon nanomaterial and its electrochemical performance in SIBs [44].



Therefore, the goal of our research was to synthesize porous N-doped carbon (NC)-containing NHx groups in order to study their effect on the Na+ ion storage. In addition, the original NC and the modified NC (mNC) were tested in aqueous electrolytes of supercapacitors (SCs), where the electrostatic charge accumulates at the electrode–electrolyte interface and strongly depends on the surface area and porosity of the electrode material. The second charge storage mechanism in SCs is based on pseudocapacitance, introduced by fast and reversible Faradaic processes occurring due to electroactive functional groups. In particular, nitrogen- and oxygen-containing species can participate in electrochemical reactions with H+ and OH− ions [45]. Porous NC materials obtained from melanin and polydopamine [46] or using various nitrogen-containing compounds (NH4Cl, (NH4)2CO3, urea, etc. [47,48]) as activating agents demonstrated excellent electrochemical properties in SCs due to their high electrical conductivity, good wettability, suitable pore size distribution, and additional pseudocapacitance effect. In addition, modified carbon can be used as a conductive additive into an insulating polymer matrix to form cross-linked networks; such composite hydrogels exhibit excellent electrochemical properties and mechanical stability and can be used as flexible electrodes in SCs [49]. Our studies show that the modification of NC with a KOH melt followed by hydrothermal treatment with ammonia is a simple low-cost way for improving the electrochemical performance of porous NC in SIBs and SCs.




2. Results


2.1. Structural Aspects


The modification procedure used is schematically shown in Figure 1a. The starting NC was obtained by chemical vapor deposition (CVD) of acetonitrile on a template, formed as a result of the thermal decomposition of calcium tartrate [43,50]. Such NC has a spongy morphology and consists of graphitic layers of 10 nm thick, forming a framework with pores in the range of 0.6–30 nm. The increase in the porosity and the introduction of NHx species were carried out by a two-stage modification of NC with a potassium hydroxide melt at a temperature of 750 °C for 2 h, and then with an aqueous solution of ammonia under hydrothermal conditions at a temperature of 147 °C for 30 h (mNC sample).



The Raman scattering spectra of NC and mNC exhibit a sharp G band at 1586 cm−1 and a broad D band at 1354 cm−1 (Figure 1b). These bands correspond to the E2g mode in sp2-hybridized carbon rings and chains and the A1g breathing mode in rings, respectively [51]. A broad peak at around 2800 cm−1 is attributed to the two-phonon (2D) Raman scattering in graphene layers. The high intensity of the D band indicates the small size of graphitic domains and the presence of defects and disorders in the graphitic structure. The intensity ratio of the D and G bands (ID:IG) is used to assess the defectiveness of the graphitic material. The ID:IG ratio increases from 0.90 for NC to 0.93 for mNC, which indicates a decrease in the size of defect-free graphitic domains after the modification procedure.



Figure 1c compares the Fourier transform infrared (FTIR) spectra of the initial NC sample and the modified mNC sample. The former spectrum identifies hydroxyl O–H stretching vibrations at 3400 cm−1, N–H stretching vibrations at 3262 cm−1, C=O stretching vibrations at 1740 cm−1, C=C/C=N/C=O stretching vibrations in aromatic rings at 1580–1620 cm−1, aromatic amine C=N stretching vibrations at 1391 cm−1, and C–O stretching vibrations at 1049 cm−1 [43,52,53]. The FTIR spectrum of mNC shows changes in functional groups after modification procedures. The bands corresponding to hydroxyl –OH (3400 cm−1) and C–O (1049 cm−1) groups become weaker. The featureless band which appeared in the range of 2000–3000 cm−1 can be attributed to N+–H stretching vibrations from ammonia cations chemisorbed on the hydroxyl groups. These chemisorbed species are probably only present in the fresh sample. The spectrum of mNC shows the absence of a band at 1740 cm−1 from C=O groups, and the appearance of a band at a lower frequency of ~1600 cm−1 assigned to the C–N stretching and N–H bending vibrations in primary amines and amides [54,55,56,57]. The broad band observed in the mNC spectrum at 1230 cm−1 is due to the stretching vibrations of phenol C–O or acyl C=O groups, and a weak band at 2970 cm−1 reflects the stretching vibrations of C–H bonds. These results indicate the presence of amine, amide, and phenol groups on the surface of mNC.



Figure 1d presents the adsorption–desorption isotherms of N2 measured at 77 K for NC and mNC samples. The isotherms are of type II, characterizing unlimited monolayer-multilayer adsorption of gases on nonporous or macroporous materials. However, there is a hysteresis loop, associated with the secondary process of capillary condensation leading to complete filling of the mesopores. The inflection point at the lowest P/P0~0 corresponds to the filling of micropores. According to the Brunauer–Emmett–Teller (BET) theory, the specific surface area is 440 m2 g−1 for NC and 1180 m2 g−1 for mNC. It should be noted that the specific surface area of NC after the first stage of the modification with KOH only increases to 711 m2 g−1 (Figure S1a).



The total pore volume and pore size distribution are calculated using DFT. The pore volume is 1.4 cm3 g−1 for NC and increases to 1.8 cm3 g−1 for mNC. Figure 1e shows the plots of pore size distribution in NC and mNC. It can be seen that the initial material mainly contains mesopores with sizes in the range of 4–27 nm, and a small amount of micropores with sizes less than 1 nm (inset in Figure 1e). However, mNC contains a greater number of small mesopores 2 to 10 nm in size and micropores 0.6 to 1.5 nm in size, which reduces the average pore diameter of the modified sample. The volume of micropores smaller than 2 nm is 0.2 cm3 g−1 and they provide 506 m2 g−1 of the specific surface area of mNC. The volume and area of mesopores are 1.6 cm3 g−1 and 674 m2 g−1, respectively, and exceed the corresponding values of micropores. It should be noted that changes in the pore structure are caused by both modification procedures, not only by KOH activation (Figure S1b).



Figure 2 shows data from X-ray photoelectron spectroscopy (XPS), a surface-sensitive quantitative method. The survey spectra of NC and mNC (Figure 2a) contain signals of carbon, nitrogen, and oxygen. The total nitrogen content decreases from 6 at% in NC up to 4 at% in mNC. Note, that the first treatment with KOH causes the nitrogen content drop to 1 at% (Figure S2a). Therefore, subsequent treatment with ammonia partially compensates for this loss of nitrogen. The oxygen content does not change after the two-stage modification.



The C 1s spectra of NC and mNC contain four components (Figure 2b) originating from sp2-carbon (284.5 eV), defect states and carbon bonded with oxygen or nitrogen (286.0 eV), carbon double-bonded with oxygen (287.3 eV), and carboxylic carbon (288.5 eV). The components have similar energy position, width, and area in both spectra. The N 1s spectra of NC and mNC are approximated by four or five components of the same width, as shown in Figure 2c. Four nitrogen forms are found in the initial sample NC: pyridinic N at 398.1 eV (Np), hydrogenated pyridinic N at 399.8 eV (Nh), graphitic N at 400.9 eV (Ng), and oxidized nitrogen species at 402.7 eV (No) [58]. The ratio of Np:Nh:Ng:No is 1:1:1:0.2. The N 1s spectrum of mNC contains the above components and a new component (Na) at 398.8 eV. Since KOH treatment removes most of the nitrogen dopants from the NC’s surface, leaving the residual No state (Figure S2c); almost all forms of nitrogen found in the mNC sample are most likely formed due to interaction with an aqueous ammonia solution in the second stage of modification. Nitrogen can be introduced as pyridinic N, pyrrolic N or hydrogenated pyridinic N into the aromatic rings or as NHx groups (imine, amine or amide), bonded directly to the edges of aromatic rings at defect sites, that form as a result of KOH etching [43,59,60]. The reaction of ammonia with the edges of defects can produce primary amine groups (–NH2), while ammonia reacts with carbonyl and carboxyl groups to form imine (=N–H) and amide (–C(O)NH2) groups through nucleophilic substitution reaction [61]. According to the reported data, the intense component Nh at 399.8 eV can refer to amine or amide groups [28,61,62], while the component Na at 398.8 eV arises from imine groups [63,64]. The XPS O 1s spectra of the samples show four peaks of the same area and width as oxygen double-bonded with carbon (C=O) in the carboxyl (530.8 eV) and carbonyl groups (532.1 eV), oxygen single-bonded to a carbon atom (C–O, 533.3 eV), and oxygen from adsorbed H2O or O2 (535.2 eV). Changes in the spectral profile of the O 1s line are not visible after the two-stage chemical modification of NC, but according to the FTIR spectrum of mNC (Figure 1c), components at 533.3 eV and 530.8 eV can more likely be attributed to phenol oxygen [65] and oxygen in –C(O)NH2, respectively.



Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy reflects the unoccupied density of electronic states and is used to gain additional information about elements. The NEXAFS C K- and N K-edge spectra of NC and mNC are presented in Figure 3. The main peaks of the C K-edge spectra located at 285.4 eV and 288.5 eV correspond to transitions of core electrons onto the antibonding π* and σ* C=C sp2 states, respectively. The presence of intense narrow π*-peaks in the spectra of both samples reflects the graphite-like structure of carbon shells in as-grown NC, and its retention after modification. Peak F at 288.0 eV, corresponding to carbon atoms connected with oxygen- or hydrogen- or nitrogen-containing groups (π* C=O, σ* C–H, and σ* C–N states) [66,67], has a low intensity in the spectrum of NC. For mNC, the intensity of the peak F increases due to the attachment of extra functional groups during modification. Moreover, the asymmetric line shape of the π*-peak in the spectrum of mNC confirms the embedding of oxygen or nitrogen into aromatic rings [68].



The NEXAFS N K-edge spectrum of NC shows a series of peaks in the energy range from 398.0 to 403.0 eV attributed to 1s → π* electron transitions, and a broad spectral feature at energies above 405.0 eV due to 1s → σ* electron transitions. The energy position of the three π* peaks reveals the presence of Np (398.7 eV), Nh (399.9 eV) and Ng (400.4 eV) [50,69,70]. Oxygenated nitrogen was detected by XPS appears in the N K-edge spectrum as a weak shoulder at 404.0 eV. The main difference between the spectra of NC and mNC is an extra peak at 400.0 eV, with shoulders on the higher-energy side around 400.4 eV (all features are denoted as Na). This peak coincides with the Nh peak in the spectrum of NC, but it is doubtful that the treatment of pre-activated NC with ammonia will only lead to the incorporation of hydrogenated nitrogen into aromatic rings. According to the XPS N 1s spectrum of mNC, the most probable scenario is the formation of predominantly imine, amine and amide groups at the edges of carbon defects. According to reported NEXAFS data, N 1s → π* excitations in unsaturated imine (C=N–) and amine (–NH2) groups give a resonance at ~399.0–400.8 eV, while transitions in amide (–C(O)NH2) groups appear at higher energies of 401.0–401.4 eV [56,67,71]. It should be noted that the peaks Np and Ng become weaker and wider in the mNC spectrum due to the lower concentration of the pyridinic and graphitic nitrogen states in the modified sample.




2.2. Electrochemical Performance


To study the effect of the two-stage modification of NC on its ability to accumulate Na, galvanostatic and cyclic voltammetry (CV) tests were carried out. The electrical resistivity measured in the four-point configuration is 0.095 ± 0.019 Ohm m for mNC, which is slightly lower than 0.130 ± 0.026 Ohm m for NC. Figure 4a presents the discharge–charge capacity and Coulombic efficiency of NC and mNC electrodes at current densities of 0.05, 0.1, 0.25, 0.5, 1.0, and 0.05 A g−1 each for 10 cycles. Both electrodes exhibit a high initial irreversible capacity due to the formation of solid–electrolyte interphase (SEI) layers on their large surface areas. The values of the initial discharge capacity and its drop are greater for mNC since the electrode has a more developed surface area. Upon reaching the tenth cycle at 0.05 A g−1, the reversible discharge capacity is 152 mA h g−1 for NC and 279 mA h g−1 for mNC. The specific capacity is 99 mA h g−1 for NC and 160 mA h g−1 for mNC at 1.0 A g−1, since sodium ion diffusion is slower at high current densities. The subsequent decrease in the current density to 0.05 A g−1 provides the capacity values of 135 and 253 mA h g−1 for NC and mNC, respectively.



The galvanostatic profiles for NC and mNC at the 60th cycle exhibit only a sloping region, associated with sodium adsorption on the electrode surface, and have a nonessential plateau region at a voltage less than 0.1 V which originated from the sodium insertion into the graphite interlayer space (Figure 4b) [3]. The modified mNC shows a higher slopping capacity than the initial NC due to the presence of new oxygen- and nitrogen-containing functional groups and a higher plateau capacity caused by the availability of an interlayer space as a result of the etching of carbon shells. The CV curves measured for NC and mNC at a scan rate of 0.1 mV s−1 have a pair of narrow redox peaks around 0.1 V due to sodium intercalation (Figure 4c,d). Similar to the results obtained from the analysis of the discharge–charge curves, the CV curve of the mNC electrode has a shape closer to a rectangle in the high voltage region and more pronounced redox peaks at 0.1 V than that of the NC electrode. Thus, a 50% increased capacity of the modified sample is provided both in the region of high and low voltage due to increased adsorption of sodium ions on the modified surface and improved intercalation between graphitic-like layers.



The NC and mNC were tested as working electrodes of SCs in three-electrode cells using 1 M H2SO4 and 6 M KOH electrolytes. The electrode surface is sensitive to contact with an electrolyte and changes due to electroadsorption of ions or ionization of covalently bound functional groups. CV curves were recorded in a 1 V potential window (from 0 to 1 V for 1 M H2SO4 and from −1 to 0 V for 6 M KOH) at scan rates of 2–200 mV s−1. Figure 5a,b show CV curves at a slow scan rate of 5 mV s−1. For NC, the quasi-rectangular shape of the CV curves for both electrolytes without any redox peaks indicates a double-layer capacitive behavior of the NC electrode. The CV loop of mNC has a larger area than that of NC and shows a set of redox peaks around 0.2/0.7 V for 1 M H2SO4 and at −0.4/−0.9 V for 6 M KOH, indicating pseudo-capacitive contributions to electrochemical charge storage. In acidic media, these peaks can be attributed to the reversible protonation of pyridinic N and imine groups, while in alkaline media, hydroxyl and amine groups can easily interact with negatively charged hydroxyl ions. Dependencies of the gravimetric capacitance of NC and mNC on the potential scan rate are presented in Figure 5c,d. In an acidic electrolyte, the initial NC sample exhibits the specific capacitance of 125 F g−1 at a scan rate of 2 mV s−1, and 18 F g−1 at 200 mV s−1. The modified mNC sample shows the larger values of 172 at 2 mV s−1 and 37 F g−1 at 200 mV s−1. In alkaline electrolyte, the specific capacitance of NC is 123 at 2 mV s−1 and 8 F g−1 at 200 mV s−1, and, after the modification process, it increases to 151 F g−1 at 2 mV s−1 and 10 F g−1 at 200 mV s−1. Thus, it turns out that a large surface area of micropores, formed as a result of NC modification, becomes available for ion adsorption and increases the electrical double-layer capacitance. Moreover, the presence of new nitrogen and oxygen surface groups in mNC leads to a pseudocapacitance contribution.



According to the data from the literature, microporous carbons with sub-nanometer pores demonstrated a better ability to accumulate charge in aqueous SCs than mesoporous carbons [72,73]. At the same time, the importance of the presence of mesopores, through which electrolyte ions reach micropores, is also noted. NC materials enriched with micropores with a large surface area of 1000–3000 m2 g−1 can have a capacitance in the range of 300–700 F g−1 at low current densities of 0.5–0.5 A g−1. In our case, the NC sample is enriched with mesopores of 2–27 nm in size and has a very small contribution of micropores even after its two-stage modification (micropore volume less than 0.2 cm3 g−1). For this reason, the best capacitance values are 172 F g−1 in 1 M H2SO4 and 151 F g−1 in 6 M KOH for mNC. They are in good agreement with previously reported data for various nitrogen-doped carbon materials (Table S1).



The long-term electrochemical cycling stability of mNC electrode was evaluated in a SIB half-cell and a symmetric SC with 1 M H2SO4 electrolyte. Figure 6a shows the change in the specific capacity of SIB at current densities 0.05, 0.25, and 0.50 A g−1 for 270 cycles. The capacity loss is ~10% at both 0.25 and 0.50 A g−1 for every hundred cycles at a given current density. In the symmetric SC, the initial specific capacitance of 76 F g−1 decreased to 53 F g−1 after 10,000 cycles at a scan rate of 200 mV s−1 (Figure 6b). Consequently, the capacitance retention of the mNC electrode under these conditions is 70%.





3. Discussion


Electrochemical experiments reveal an improvement in the performance of NC after the two-stage chemical modification procedure in SIBs and SCs with both acidic and alkaline electrolytes. It should be noted that tests of the NC electrode after the first stage of modification, which consisted in chemical activation with a KOH melt, showed no improvement of the electrochemical properties in SIBs and SCs with an acidic electrolyte (Figure S3a,b). This can be explained by the fact that a small amount of micropores with hydroxyl-terminated edges in the KOH-activated NC does not improve ion permeability [43]. Although only for SC with an alkaline electrolyte, the specific capacitance of this electrode increases by 8–16 F g−1 (Figure S3c). Hydroxyl ions from an alkaline aqueous solution react with –OH and –NH2 groups, formed at the edges of vacancies as a result of treatment of the NC material with KOH [74,75,76,77]. In addition, oxygen- and nitrogen-containing groups can sterically close the pores and prevent the penetration of sodium ions and protons into the internal volume of the activated sample. The second stage of the modification used, which consists of hydrothermal treatment with ammonia, affects the chemical state of the surface of pre-activated NC and, apparently, is the main reason for the significant improvement of its electrochemical performance in SIBs and SCs. Our previous study revealed that hydrothermal treatment of as-prepared porous NC material in ammonia solution under the same conditions leads to the incorporation of edge pyridinic N, hydrogenated N, and carbonyl groups and the formation of micropores 1.4 nm in size [43]. Testing of this NC in SIBs and SCs revealed an improvement in its electrochemical performance after modification.



In this work, it is shown that oxygen functionalities formed on the NC surface as a result of KOH treatment react with ammonia under hydrothermal conditions. FTIR, XPS, and NEXAFS spectroscopies revealed that, in addition to pyridinic N and hydrogenated pyridinic N, various types of hydrogenated nitrogen are formed such as amine, imine, and amide groups. These nitrogen-containing groups play a key role in the electrochemical properties of mNC and, according to CV data of mNC electrodes in SIBs and SCs (Figure 4c,d and Figure 5a,b), they are actively involved in redox reactions. To explain the outstanding electrochemical properties of NC electrodes, the identification of the particular type of nitrogen state responsible for storing Na+ ions and reacting with H+ and OH− ions is still under discussion. Numerous studies confirm that pyridinic N is responsible for the accumulation of alkali metal ions [78], as well as for redox reactions with protons in aqueous SCs [79]. However, there are articles that report the interaction of alkali metals with hydrogenated N and with carbon near graphitic N configurations [70,80]. The quantum-chemical calculations have shown that the binding energy of Na with amide N (−2.5 eV) is higher than that with pyridinic N (−2.3 eV) [31].



In Figure 7, we summarize the nitrogen- and oxygen-containing groups, which are formed as a result of the two-stage modification of NC and can participate in reversible redox reactions. For SIBs, the increased capacity of mNC can be explained mainly by the adsorption of Na+ ions on pyridinic, hydrogenated pyridinic and amide N states (Figure 7a). In the case of SCs with an acidic electrolyte, protons react with pyridinic and imine N to form hydrogenated pyridinic and amine N [59,61] (Figure 7b). Hydroxyl and amine groups found in mNC can react with hydroxyl ions of an alkaline electrolyte, leading to the formation of carbonyl and imine groups [61] (Figure 7c). As a result of the applied modification procedure, a set of nitrogen- and oxygen-containing groups is formed at the edge of defects, leading to an improvement in the performance of SIBs and SCs with acidic and alkaline electrolytes.



In addition, hydrothermal activation can lead to the additional etching of carbon shells and to the formation of more micropores and small mesopores. The adsorbed ions begin to penetrate into the interior of the carbon shells and then adsorb onto the pore walls. According to DFT calculations, sodium adsorbed in a multi-walled carbon nanotube between a partially unzipped outer carbon shell and an intact inner carbon shell has a binding energy 0.3 eV higher than that of an undamaged nanotube [81]. Thus, the more open structure of the mNC electrode helps to minimize the diffusion path of electrolyte ions, which is crucial for charging electrochemical devices. The trend to increase the electrostatic double-layer capacitance at higher scan rates and Na+ ion storage capacity at high current densities for mNC can be attributed to the faster electrochemical kinetics of electrostatic adsorption of ions, especially on the more accessible inner surface of the modified sample than that for initial NC.




4. Materials and Methods


4.1. Synthesis


The NC sample was synthesized using acetonitrile as a source of carbon and nitrogen and as a template for CaO nanoparticles obtained by pyrolysis of calcium tartrate at a temperature of 750 °C for 10 min under an argon atmosphere. Details of the synthesis of NC are described in [50,82]. Acetonitrile vapors were introduced in a CVD reactor heated at 750 °C for 30 min in order to grow NC on the surface of template CaO nanoparticles. After that, CaO was removed from the product with diluted hydrochloric acid. A mixture of NC and KOH (3:1 by weight) was heated in argon at 750 °C for 2 h. To remove KOH, the sample was washed with distilled water. The second stage of modification is the hydrothermal activation of KOH-treated sample in an aqueous solution of ammonia (9 wt.%) using the procedure described in [43]. In brief, 50 mg of NC activated by KOH and 8 mL of the ammonia solution were put in a Teflon reactor. The reactor was placed inside a hermetically sealed autoclave and then heated to a temperature of 147 °C for 30 h. After cooling, the synthesis product was dried in an oven at 80 °C for 12 h. The sample after two stages of modification was denoted as mNC.




4.2. Characterization


Raman scattering was measured using a LabRAM HR Evolution (Horiba, Kyoto, Japan) spectrometer. The spectra were excited with the focused beam of an Ar+ laser operating at a wavelength of 514 nm. Transmission FTIR spectra were recorded on an FTS 2000 Scimitar spectrometer (Digilab, Holliston, MA, USA) in a mid-infrared region from 400 to 4000 cm−1. To obtain a transparent pellet as a probe for FTIR, the samples were mixed with potassium bromide. Nitrogen adsorption experiments were carried out on a Quantochrome’s Autosorb iQ analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) at a temperature of 77 K. The samples were first evacuated under a dynamic vacuum at 200 °C for 6 h. The adsorption–desorption isotherms of N2 were measured within the range of relative pressures P/P0 of 10−6 to 0.995. The specific surface area was calculated from the data obtained based on the conventional Brunauer–Emmett–Teller model. Pore volume and pore size distributions were calculated using the DFT approach. The fitting error was less than 0.5%.



XPS and NEXAFS spectroscopy experiments were performed at the Russian–German Beamline (RGBL) at the BESSY II synchrotron radiation facility, Helmholtz-Zentrum Berlin für Materialien und Energie (HZB, Berlin, Germany). The powder samples were deposited on copper substrates, which were placed on a holder in a vacuum chamber (10−9 Torr). The photon energy of 830 eV was used in XPS measurements. The binding energy scale was calibrated to the position of the Au 4f7/2 line at 84 eV for a clean Au foil. The core-level spectra were fitted using a Gaussian/Lorentzian product function and a Shirley-type background within Casa XPS software, Version 2.3.15 (Casa Software Ltd., Teignmouth, UK). The NEXAFS spectra were recorded in the leakage current measurement mode.



The electrical resistance of NC and mNC was measured according to the procedure described in [83]. Samples were pressed into quartz cylindrical capillaries and four-probe measurements were performed at a current of 2 mA.




4.3. Preparation of Electrodes and Electrochemical Tests


A mixture of the carbon sample, a conductive additive (carbon black, super-P) and binder (polyvinylidene fluoride, PVDF) was prepared using N-methyl-2-pyrrolidone (NMP) solvent. The ratio of the components was 8:1:1 by weight. A piece of a copper foil was uniformly covered with a thin layer of the resulting paste-like mixture and dried in a vacuum oven at 80 °C for 12 h. Coin-type CR2032 cells were assembled in an argon-filled glovebox using carbon on copper as a working electrode, sodium metal as a counter electrode, glass fiber as a separator, and 1 M NaClO4 in ethylene carbonate-dimethyl carbonate as electrolyte. A galvanostatic study of SIBs was carried out on a NEWARE CT-3008 test station (Neware Techonology ltd., Shenzhen, China) in the voltage range from 0.01 to 2.50 V relative to Na/Na+ and current densities from 0.05 to 1 A g−1. After 60 cycles, the cells were used for the CV measurements on a BCS-805 system at a scan rate of 0.1 mV s−1.



Working electrodes for SCs were prepared by mixing a carbon sample with an aqueous suspension of Teflon F-4D and ethanol, followed by homogenization through repeated rolling into a film. The film was applied on a Pt current collector. This electrode and the Pt counter electrode were separated by a 20 µm-thick polypropylene cloth impregnated with 1 M H2SO4 or 6 M KOH electrolyte. An Ag/AgCl electrode filled with a saturated KCl aqueous solution was used as a reference electrode in three-electrode cells. CV curves were recorded on a SP-300 potentiostat/galvanostat (Biologic, Seyssinet-Pariset, France) at scan rates 2–200 mV s−1. A voltage range was from 0 to +1 V vs. Ag/AgCl for the cells with 1 M H2SO4 electrolyte and from −1 to 0 V vs. Ag/AgCl for the cells with 6 M KOH electrolyte. The specific capacitance was calculated from the area of CV curves as:   C =     ∮     idu   2 · Δ U ·  V s  · m    , where i is the current (A), du is the potential change (V), ∆U is the voltage window (V), Vs is the scan rate (V s−1), and m is the weight of carbon material (g).





5. Conclusions


The thermal decomposition of acetonitrile on the pyrolysis product of calcium tartrate yielded a mesoporous graphitic-like material of the composition CN0.07O0.04, with a specific surface area of 440 m2 g−1 and a pore volume of 1.4 cm3 g−1. The two-stage chemical modification of this material, performed by heating with potassium hydroxide at 750 °C for 2 h followed by hydrothermal treatment in ammonia at 147 °C for 30 h made it possible to increase the specific surface area up to 1180 m2 g−1 and the pore volume up to 1.8 cm3 g−1 due to the etching of carbon shells and the formation of new pores in the range of 0.6–1.5 nm. The modified sample contained 4% nitrogen, mainly in the form of pyridinic N, hydrogenated pyridinic N, imine, amine, and amide groups. Electrochemical tests of carbon electrodes in SIB cells at current densities of 0.05–1.00 A g−1 revealed a gravimetric capacity in the range of 135–99 mA h g−1 for the initial sample, as well as an increased capacity of 253–160 mA h g−1 and a long cycling performance for the chemically modified sample. The two-stage modified sample also showed an improved performance in SCs. At a scan rate of 2 mV s−1, the specific capacitance was 172 F g−1 in the 1 M H2SO4 electrolyte and 151 F g−1 in the 6 M KOH electrolyte. The outstanding energy storage performance of N-doped carbon after the modification with KOH and aqueous ammonia solution is explained by (1) extra-active surface sites for the adsorption of ions due to the creation and opening of nanopores, (2) better diffusion of ions through a 3D carbon matrix by increasing the number of mesopores, and (3) the decisive role of imine, amine, and amide groups in reversible electrochemical reactions with ions.
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Figure 1. (a) Schematic illustration of mNC preparation; (b) Raman and (c) FTIR spectra, (d) adsorption–desorption isotherms of N2 at 77 K and (e) DFT pore size distributions in NC and mNC samples. The inset shows the pore size distribution in the range of 0.5–3.0 nm. 
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Figure 2. XPS (a) survey, (b) C 1s, (c) N 1s and (d) O 1s spectra of NC and mNC. 
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Figure 3. NEXAFS (a) C K-edge and (b) N K-edge spectra of NC and mNC samples. 
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Figure 4. Electrochemical performance of NC and mNC in sodium-ion batteries: (a) rate capability at current densities of 0.05–1.00 A g−1; (b) discharge–charge curves at 60th cycles at 0.05 A g−1; CV curves measured at 0.1 mV s−1 for (c) NC and (d) mNC. 
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Figure 5. Electrochemical performances of NC and mNC electrodes in aqueous SCs: CV curves at 5 mV s−1 in (a) 1 M H2SO4 and (b) 1 M KOH electrolytes; Gravimetric capacitance at scan rates of 2–200 mV s−1 in (c) 1 M H2SO4 and (d) 1 M KOH electrolytes. 
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Figure 6. Long-term stability measurements of the mNC electrode in (a) half-cell SIB at current densities of 0.05, 0.25 and 0.5 A g−1 for total 270 cycles and (b) symmetric SC with 1 M H2SO4 electrolyte at a scan rate of 200 mV s−1 for 10,000 cycles. 






Figure 6. Long-term stability measurements of the mNC electrode in (a) half-cell SIB at current densities of 0.05, 0.25 and 0.5 A g−1 for total 270 cycles and (b) symmetric SC with 1 M H2SO4 electrolyte at a scan rate of 200 mV s−1 for 10,000 cycles.



[image: Inorganics 10 00198 g006]







[image: Inorganics 10 00198 g007 550] 





Figure 7. Assumed reversible redox reactions involving functional groups of NC in (a) SIBs and SCs in (b) acidic electrolyte and (c) alkaline electrolyte. 
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