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Abstract

:

Structural imperfections, heteroatom dopants, and the interconnected pore structure of carbon materials have a huge impact on their electrochemical performance in lithium-ion and sodium-ion batteries due to the specific ion transport and the dominant storage mechanism at surface defect sites. In this work, mesopore-enriched nitrogen-doped carbon (NC) materials were produced with template-assisted chemical vapor deposition using calcium tartrate as the template precursor and acetonitrile as the carbon and nitrogen source. The chemical states of nitrogen, the volume of mesopores, and the specific surface areas of the materials were regulated by adjusting the synthesis temperature. The electrochemical testing of NC materials synthesized at 650, 750, and 850 °C revealed the best performance of the NC-650 sample, which was able to deliver 182 mA·h·g−1 in sodium-ion batteries and 1158 mA·h·g−1 in lithium-ion batteries at a current density of 0.05 A·g−1. Our study shows the role of defect sites, including carbon monovacancies and nitrogen-terminated vacancies, in the binding and accumulation of sodium. The results provide a strategy for managing the carbon structure and nitrogen states to achieve a high alkali-metal-ion storage capacity and long cycling stability, thereby facilitating the electrochemical application of NC materials.
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1. Introduction


Lithium-ion batteries (LIBs) are ubiquitous as a power storage source for numerous electronic devices and electric vehicles and are unlikely to be replaced by low-cost energy storage devices such as sodium-ion batteries (SIBs) in the near future due to manufacturing weaknesses. Despite the similar properties of lithium and sodium, the graphite anode material, which efficiently accumulates lithium ions, is unsuitable for use in SIBs. Calculations predict that the interlayer distance between planar graphitic layers for the successful insertion of Na+ ions should be more than 0.37 nm [1]. Recently, it was found that the adsorption mechanism of alkali-metal-ion storage is realized during the adsorption of Li+ and Na+ ions on the surfaces of carbon electrodes [2,3,4,5]. This is easy to detect experimentally through charge–discharge curves. Namely, the intercalation of Li+ or Na+ ions into the spaces between the graphitic layers produces a plateau at a potential of about 0.1 V vs. Li/Li+ or Na/Na+, while the slope region in the potential range between 0.5 and 1.5 V vs. Li/Li+ or Na/Na+ arises from chemical adsorption on the carbon surface. The adsorption process occurs at various cell potentials and does not give a clearly defined plateau. This indicates that various surface sites, such as the surfaces of pores, defects, functional groups, and impurity atoms, are attractive for binding alkali-metal ions.



Highly porous carbon materials consisting of randomly oriented curved few-layered graphitic walls have a large interlayer distance and a high specific surface area, as well as numerous pores and defect sites. According to recent experimental studies, hard carbon materials possess a remarkable SIB capacity of about 200 mA·h·g−1 at potentials below 1 V vs. Na/Na+ [6]. Recently, some researchers have achieved a very high reversible sodium-ion storage capacity exceeding 400 mA·h·g−1 at a low current density of 30 mA·g−1 for carbon materials produced via the pyrolysis of biomaterial precursors [7,8,9,10,11]. In the case of biomass-derived carbon, various heteroatoms, such as nitrogen and phosphorous, are incorporated into the graphitic structure and play an important role in the interactions with alkali metals.



Much attention has been paid to the nitrogen dopant. Nitrogen is usually found in graphitic-like materials such as pyridinic N, pyrrolic N, or graphitic N. According to the literature, edge-nitrogen doping improves the capacity and fast-charging performances of N-doped carbon materials in LIBs and SIBs [12,13,14,15]. Nitrogen doping disrupts the integrity of graphitic structures, generating new structural defects and nanopores, which allow metal ions to more effectively penetrate into the volume of the carbon electrode materials. Moreover, nitrogen-edge groups are active binding sites for Li+ and Na+ ions. Experimental observations and density functional theory (DFT) calculations show that the presence of nitrogen-containing groups significantly enhances the ability of carbon materials to accumulate Na+ ions [11,16,17,18]. The authors attribute the excellent electrochemical performance of N-doped carbon materials to the synergetic effects of disordered crystallite structures, interconnected porous structures, volume expansion buffering during cycling, and electron doping from nitrogen heteroatoms. DFT calculations confirm that the nitrogen doping of carbon materials enhances the interaction of Na+ ions with carbon, which leads to a significantly improved storage capacity [11]. Lee et al. theoretically revealed the increased binding energy of sodium on graphene with nitrogen-doped defects compared with that calculated for pure graphene [19]. The development of new highly porous carbon materials with larger numbers of adsorbing defects and nanoporous structures can improve the electrochemical performance of SIBs in terms of capacity and rate capability. It is shown that the use of template nanoparticles creates an interconnected porous structure in nitrogen-doped carbon materials, and the presence of nanopores minimizes the alkali-metal-ion diffusion length and facilitates the penetration of electrolytes into the surfaces of carbon electrodes [20,21]. Moreover, highly porous nitrogen-doped carbon three-dimensional nanostructures can be used as cathode hosts or cathode current collectors for long-life LIBs and other batteries to provide pathways for rapid electron transfer and ion transport [22,23,24,25].



In this work, we synthesized porous nitrogen-doped carbon (NC) materials with a simple chemical vapor deposition method using calcium tartrate as the template precursor and acetonitrile as the carbon and nitrogen sources [26,27]. The size of the pores formed from template nanoparticles, as well as the number of defects in the pseudo-graphitic structures and the chemical state of the incorporated nitrogen, were changed by tuning the synthesis temperature. Herein, using various characterization tools, the morphologies, structures, and compositions of NC materials synthesized at different temperatures were studied. Electrochemical tests of the NC materials in LIB and SIB cells were performed to explore the underlying mechanisms and to reveal the influence of structural aspects on the accumulation of alkali metals. An in situ near-edge X-ray adsorption fine structure spectroscopy (NEXAFS) study of sodium deposition on the NC surfaces and the results of DFT calculations of sodiated graphitic models revealed the role of graphene sheet curvature and vacancy defects, including nitrogen-terminated ones, in sodium adsorption.




2. Materials and Methods


2.1. Synthesis


All reagents used were of analytical grade and were purchased from Reachem (Moscow, Russia). Figure 1 shows a scheme of the synthesis of porous NC materials. To prepare calcium tartrate as the template precursor, a 1 M sodium bicarbonate aqueous solution was mixed with DL-tartaric acid (C4H6O6), and then, a 1 M calcium chloride aqueous solution was added dropwise to the reaction solution. The resulting white precipitate was filtrated and dried at room temperature followed by washing with several portions of deionized water.



The template-assisted synthesis of NC materials included three stages. First, calcium tartrate was decomposed in an argon atmosphere at a pressure of about 75 Torr for 10 min in a quartz tubular reactor pre-heated to 650, 750, or 850 °C. The decomposition products are nanoparticles of CaO and oxygenated carbon (CO0.15@CaO) [28]. Second, acetonitrile vapor was introduced to the reactor at the same temperature and under a dynamic vacuum (~75 Torr) for 30 min to coat nanoparticles with NC layers. Finally, the resulting NC@CaO sample was immersed in dilute hydrochloric acid to remove CaO and then washed with distilled water and dried in air at 100 °C overnight. Samples synthesized at temperatures of 650, 750, and 850 °C were denoted as NC-650, NC-750, and NC-850, respectively.




2.2. Characterization Instruments


The morphologies of samples were examined using scanning electron microscopy (SEM), on a JEOL JSM 6700F using an accelerating voltage of 15 kV, and transmission electron microscopy (TEM) on a JEOL-2010 microscope using an accelerating voltage of 200 kV. Raman spectra were measured with the spectrometer LabRAM HR Evolution (Horiba) using a 514 nm wavelength beam from a He-Ne laser. Nitrogen adsorption measurements were carried out with a «Sorbi-MS» analyzer at a temperature of 77 K. Before the measurements, the samples were degassed at 150 °C under a dynamic vacuum for 90 min. The total surface areas were calculated by means of the Brunauer–Emmett–Teller (BET) method. The total isotherms were obtained by measuring the adsorption curves at P/P0 from 0.06 to 0.99 and the desorption curves at P/P0 from 0.99 to 0.40. The specific surface areas, pore size distributions, and total pore volumes of the samples were determined from the total isotherms using the Brunauer–Emmett–Teller (BET) theory and statistical thickness surface area (STSA).



X-ray photoelectron spectroscopy (XPS) and NEXAFS measurements were carried out using the RGL-PES experimental station at the Russian–German beamline (RGBL) at the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (BESSY II) operated by Helmholtz-Zentrum Berlin für Materialien und Energie. The NC samples were spread in a thin layer on the scratched surface of a Cu substrate. The samples were fixed on a holder, which was placed in an analytical vacuum chamber at a pressure of ~10−10 mbar. The XPS spectra were recorded with a PHOIBOS 150 electron-energy analyzer (SPECS GmbH, Berlin, Germany) operated at 50 eV pass energy and 0.1 eV step size for survey spectra, and 30 eV pass energy and 0.05 eV step size for N 1s and 0.025 eV step size for C 1s spectra, respectively. We used a photon energy of 830 eV for the acquisition of all the spectra. The binding energy of the Au 4f7/2 component at 84.0 eV measured from a clean gold foil was used to calibrate the XPS energy scale. N 1s spectra were fitted using a Gaussian/Lorentzian product function and a Shirley-type background within the Casa XPS software, Version 2.3.15 (Casa Software Ltd., Teignmouth, UK). The NEXAFS spectra were acquired in the leakage current measurement mode.



After the XPS and NEXAFS measurements, the samples were transferred into an ultra-high vacuum preparation chamber to deposit sodium vapors. Na was evaporated from a well-outgassed sodium dispenser (SAES Getters) at a current of ~7.8 A. The Na-containing dispenser was located at a distance of 15 cm from the holder with three samples. The deposition time was 40 min. After Na deposition, the holder was transferred to the analytical chamber without interaction with air. The XPS and NEXAFS spectra of the sodiated samples were measured with the same parameters as for the initial samples.




2.3. Electrochemical Measurements


The electrochemical performances of the samples were evaluated using a NEWARE CT-3008 (Neware Technology LTD., Shenzhen, China) charge–discharge station. The working electrode was made of NC material, which was grinded and mixed with polyvinylidene difluoride (10 wt.%), conductive additive super P (10 wt.%), and N-methylpyrrolidone solvent. The resulting paste was smeared on a copper foil disk and then dried at 80 °C for 12 h. A metal sheet of lithium or sodium was used as the counter electrode. Polypropylene for the LIBs or glass fiber for the SIBs were used as separators. For the LIBs, the electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate and dimethyl carbonate (1:1 by volume). For the SIBs, the electrolyte was 1 M NaClO4 in a mixture of ethylene carbonate and dimethyl carbonate (1:1 by volume). To make the Li and Na half-cells, CR2032 coin cells were assembled in an argon glove box with less than 1 ppm of water and oxygen. The assembled half-cells were galvanostatically charged and discharged between 0.01 and 2.5 V vs. Li/Li+ or Na/Na+ at current densities of 50, 100, 250, 500, and 1000 mA·g−1 for 10 cycles per each current density.



Cyclic voltammetry (CV) and electrochemical impedance spectra (EIS) were recorded on a BCS-805 instrument (Biologic, Seyssinet-Pariset, France). CV curves were measured in the voltage range of 2.5–0.001 V vs. Li/Li+ or Na/Na+ at a potential scan rate of 0.1 mV·s−1 after 60 operation cycles in the galvanostatic mode. To study the kinetics of lithium or sodium storage, CV tests were performed at scan rates from 0.1 to 1.0 mV·s−1 for freshly assembled cells after 10 repeated discharge–charge cycles at 0.05 A·g−1.



The EIS spectra were recorded after three CV cycles at a scan rate of 0.1 mV·s−1 and one discharge–charge cycle at a current density of 0.5 A·g−1. The EIS spectra were obtained by applying an alternating voltage with an amplitude of 5 mV in the frequency range 10 mHz–10 kHz. Impedance spectra were recorded at an open cell potential of 2.5 V and then at an open cell potential of 0.001 V after the re-discharge.




2.4. Quantum Chemical Calculations


The calculations were performed using the M06 hybrid functional, parameterized for metal–organic systems [29], taking into account dispersion interactions using the D3 correction developed by Grimme et al. [30] as implemented in the Jaguar software package (Jaguar, version 10.3, Schrödinger, Inc., New York, NY, USA, 2019). The 6-31G basis set was used to describe atomic orbitals. Graphene fragments with vacancies, nitrogen inclusions, and pentagonal rings were used to model the surfaces of the NC materials. Hydrogen atoms terminated the fragment edges. The geometry of free models and models with Na atoms was fully optimized with the analytical gradient method to the default convergence criteria. The absence of imaginary frequencies indicated that the obtained geometries corresponded to the minima on the potential energy surfaces. The binding energy of Na with the model was calculated as Eb = ENa + Emodel − ENa+model, where the members are the total energies of the free Na atom, the free NC model, and the model with adsorbed Na. A positive value of Eb corresponds to the energy gain as a result of the interaction. In the case of adding two and three Na atoms, the Eb value was calculated relative to the model with a lower Na load.





3. Results


3.1. Structural Aspects


In the syntheses of the NC materials, simply prepared calcium tartrate was used as the template source. CaO nanoparticles derived from organic calcium precursors have a larger specific surface area and well-developed porosity than CaO obtained from inorganic components, as was previously demonstrated in [31,32]. According to a thermogravimetric analysis, the thermal decomposition of calcium tartrate in an inert atmosphere occurs in four stages, with the final salt decomposition at 650 °C, as shown in [33]. The composition and size of template nanoparticles can be controlled by the temperature of the synthesis process [34]. The SEM and TEM images show the morphologies of the NC materials synthesized at temperatures of 650, 750, and 850 °C (Figure 2).



Curved carbon walls organize spongy materials with a system of open and closed pores. At first glance, all the samples have a very similar morphology and are clusters of irregularly shaped agglomerates with a loose surface. Upon closer examination, it is seen that the surface friability was formed due to holes, which were more probably caused by the removal of template particles. Some of the pores in the NC materials repeat the shape of the template nanoparticles. Thus, an increase in the synthesis temperature leads to the growth of template nanoparticles due to their agglomeration. Consequently, macropores in NC materials also visually grow in size. According to the TEM images, the maximum pore size is ca. 10 nm in NC-650, ca. 20 nm in NC-750 and ca. 30 nm in NC-850. At 650 °C, the pyrolysis product of calcium tartrate contains a mixture of CaO and CaCO3 nanoparticles. As shown in [34], the subsequent decomposition of CaCO3 leads to the formation of gaseous carbon oxides, which etch the grown carbon layers in the process of their release. This etching process can lead to the formation of defects and the opening of pores. The TEM images of the NC materials demonstrate disordered structures of curved carbon walls; stacks of carbon layers visually become more graphitized with an increase in temperature. Small carbon vacancy defects are likely to heal at higher temperatures. Our early study of similar N-doped carbon materials via X-ray diffraction showed that an increase in the synthesis temperature leads to the ordering of graphitic layers and the formation of thicker stacks of layers [34]. Namely, the interlayer distance decreased from 3.79 to 3.58 Å, and the number of layers increased from 2 to 4 with an increase in the temperature from 650 to 850 °C. The pore structures of the NC samples were examined using N2 adsorption–desorption isotherms (Figure 3, Table 1). The isotherms show unlimited monolayer–multilayer adsorption up to P/P0 = 1 and belong to type II (Figure 3a). The isotherms of all the samples exhibit a sharp adsorption of N2 at low relative pressures (P/P0 < 0.01), which indicates the presence of a large number of micropores and ultramicropores. An H3-type hysteresis loop appears in the P/P0 range of 0.4–1.0 and is characteristic of mesoporous materials with a layered aggregation structure and wedge-shaped or slit-like pores [35]. The BET and STSA methods were used to calculate the specific surface areas, pore volumes, and pore size distributions for the NC materials. The specific surface areas decrease from 770 to 358 m2·g−1, and the pore volumes vary from 1.3 to 0.9 cm3·g−1 with an increase in the synthesis temperature from 650 to 850 °C (Table 1). The pore size distributions reveal a large amount of mesopores smaller than 30 nm in the samples (Figure 3b). NC-650 is enriched with small mesopores about 3 nm in diameter, and their volume decreases twice in NC-750 and NC-850. The average size of large mesopores increases from 8 to 15 nm with an increase in the synthesis temperature from 650 to 850 °C.



Raman scattering was used to provide chemical-specific information about the structures of the NC samples based on the fundamental vibrational modes (Figure 4a). The spectra of all the samples are dominated by two first-order Raman bands at 1580 cm−1 (G) and 1350 cm−1 (D). The G-bands occur as a result of the in-plane vibrational E2g mode involving sp2 hybridized carbon atoms in graphite structures, while the D-bands reflect the A1g breathing mode in aromatic rings and are caused by the presence of defects and structural disorders in graphitic planes. The first-order Raman bands are wide, the D-bands are very intense, and the G-bands are shifted towards higher frequencies compared with the spectrum of graphite [36]. The displacement of the G-bands is most likely due to the combination of the graphitic band with the band at 1620 cm−1, corresponding to the edges of the graphite crystallites [37]. All this indicates that the NC layers contain a small size of graphitic domains and a large number of defects. One wide band centered at 2800 cm−1 is observed in the second-order region of the spectra, which is most likely a combination of two bands at 2700 cm−1 and 2880 cm−1. A similar phenomenon was observed in the Raman spectra of products from the low-temperature pyrolysis of iron salts and assigned to the «turbostratic stacking of the graphitic material» with «no interlayer interaction between the adjacent graphitic layers» [38]. A comparison between the Raman spectra of the three samples does not reveal any significant differences in their shape, which indicates that the NC materials obtained at different temperatures have a very similar atomic arrangement.



The XPS survey spectra of the samples reveal the presences of carbon (78–86 at%), nitrogen (4–5 at%), oxygen (5–8 at%), and copper (3–10 at%) (Figure 4b). The last two elements mainly originate from the copper oxidation product formed on the copper substrates; thus, the O 1s spectra are not considered in the sample surface analysis below. The atomic concentrations of nitrogen are 4 at% for NC-650, 6 at% for NC-750, and 6 at% for NC-850 (Table 1), which correspond to compositions of CN0.047, CN0.063, and CN0.055, respectively. Figure 4c presents the XPS C 1s spectra of the samples after normalization to the maximum intensity and are shifted by the intensity scale for better visualization. They exhibit one asymmetric peak of similar width and position at 284.4 eV, which corresponds to the sp2 carbon state [39,40]. The defect states and the nitrogen-, oxygen-, and hydrogen-containing functional groups as well as the conduction electron screening of the core holes contribution to the high-energy regions of the C 1s spectra, providing asymmetric line shapes [41,42,43]. It is impossible to distinguish unambiguously their contributions to the shapes of the spectra and no significant difference between the spectra of the three samples was found.



The chemical state of nitrogen is studied with the XPS N 1s spectra, as shown in Figure 4d. There are four peaks at about 398.3 eV (Np), 400.0 eV (Nh), 401.0 eV (Ng), and 402.6 eV (No), corresponding to pyridinic, hydrogenated pyridinic, graphitic, and oxygenated nitrogen, respectively [41,44,45]. In all the samples, the first three states of nitrogen predominate (Table 1). With an increase in the synthesis temperature, the Ng concentration increases, while the concentrations of Np and Nh decrease, implying a decrease in the number of defects with nitrogen-terminated states and an improvement in the atomic structure of the hexagonal graphitic layers.




3.2. Electrochemical Performance


The investigation of the electrochemical properties of the NC samples as electrode materials for LIBs and SIBs was carried out using galvanostatic tests of half-cells with metal counter electrodes at various current densities for 60 cycles, as shown in Figure 5a,d. The initial specific discharge capacity, measured at a current density of 0.05 A·g−1, decreases from 3960 to 1775 mA·h·g−1 in the LIBs and from 1481 to 1328 mA·h·g−1 in the SIBs, with an increase in synthesis temperature from 650 to 850 °C. The initial specific charge capacities for NC-650, NC-750, and NC-850 are 1438, 511, and 472 mA·h·g−1 in LIBs and 238, 192, and 181 mA·h·g−1 in SIBs, respectively. The capacity drop in the first cycle is greater for the NC-650 electrode and less for the NC-750 and NC-850 electrodes. Initial coulombic efficiency (CE) is relatively low and amounts to 16–36%. After 10 cycles, at the same current density, the CE is 92% for the LIBs and 93–95% for the SIBs. The higher irreversible capacity in the first cycles is attributed to the formation of the electrochemically stable solid electrolyte interface (SEI) film on the electrode material surface and the degradation of electrolytes [46]. In later cycles, the charge–discharge curves almost completely overlap, indicating the stability of the electrodes and an SEI film. The high capacity loss in the first cycle is a consequence of the large specific surface areas of the samples, which, at the same time, contributes to their high reversible capacity. Loss of capacitance is a disadvantage of these materials, and the formation and control of the SEI layer at the carbon–electrolyte interface is one of the most important problems of LIBs and SIBs. Choosing the right electrolyte and additives that can help control the formation of the protective SEI layer may be one solution to this problem. A recent report of extremely high initial Coulomb efficiency in the first cycle of high-surface-area carbon using an ether-based electrolyte can provide guidance for further improvement [47].



The NC electrodes show outstanding cycling and rate performances in LIBs and SIBs. NC-650 demonstrates high capacity in both LIBs and SIBs at all current densities. In LIBs, its reversible specific capacities are 1158, 890, 695, 577, and 489 mA·h·g−1 at current densities of 0.05, 0.1, 0.25, 0.5, and 1 A·g−1, respectively. In SIBs, the reversible specific capacity values are 182, 177, 147, 137, and 120 mA·h·g−1 at the same current densities, which is lower than those in LIBs. The lower diffusion coefficient of Na+ ions, higher standard potential compared with Li+ ions and limited interlayer spacing for large Na+ ions lead the lower reversible capacity in SIB. The samples synthesized at higher temperatures have much lower LIB capacity values, from 405 to 180 mA·h·g−1 for NC-750 and from 1158 to 489 mA·h·g−1 for NC-850 with an increase in the current density from 0.05 to 1 A·g−1 compared with NC-650 (Figure 5a, Table 1). In the case of SIBs, the NC-750 and NC-850 samples also demonstrate slightly lower capacities ranging from 165 to 102 mA·h·g−1 and from 150 to 86 mA·h·g−1, respectively (Figure 5d, Table 1). For LIBs and SIBs, the discharge and charge capacity curves of samples can become almost reversible during charge after 60 cycles, achieving CEs of 92–100%. The extremely high capacity of NC-650 in LIBs compared with the capacity in SIBs and the capacities of other electrodes can be explained by the extended interlayer space and the presence of atomic defects in this sample, through which small Li+ ions can penetrate into the internal pores. Figure 5b,e demonstrate the charge–discharge curves for all the tested samples at 0.05 A·g−1 during the 55th cycle. Comprehensive studies show that the storage of lithium and sodium ions in NC electrodes has similar accumulation mechanisms, which include adsorption on the carbon material surface at ~1.0 V, interlayer intercalation, and pore filling at potentials below ~0.1 V [48,49,50,51]. All the samples have very similar charge–discharge profiles in both LIBs and SIBs. The high contribution of the slope region in the potential range from ca. 0.1 to 1.0 V to the charge–discharge profiles indicates that the main mechanism of both lithium and sodium storage is adsorption on the carbon surface. The intercalation process is also observed but is not the determining process, which can be suggested to be due to the disordered structure of thin interconnected carbon walls. The highest specific LIB and SIB capacities are observed for NC-650, mainly due to an increase in the slope region capacity impact, in which the highest surface area and open pore volume act as new adsorption centers for Li+ or Na+ ions. Moreover, the small plateau region at ~1.5 V is observed for the NC-650 electrode, and it can be related to the electrochemical reaction of lithium and sodium ions with functional groups in porous carbon materials [52]. In addition, the NC-650 sample demonstrates a longer intercalation-related plateau region, which contributes ~320 mA·h·g−1 (28%) to the total lithium storage capacity and ~30 mA·h·g−1 (17%) to the total sodium storage capacity.



CV measurements were carried out after the completion of 60 cycles at a scan rate of 0.1 mV·s−1 (Figure 5c,f). The CV curves of the NC samples have a similar shape, which is typical for carbon materials. The quasi-rectangular shape of the CV curves indicates the capacitive behavior of the NC materials. The redox peaks at ca. 0.1/0.2 V vs. Li/Li+ or Na/Na+ are attributed to the intercalation/extraction of lithium or sodium between graphitic layers. Wide peaks at 0.7/1.8 V vs. Li/Li+ or Na/Na+ can be associated with the reaction of alkali-metal ions with oxygen- or nitrogen-containing functional groups [53]. Among all the electrodes, NC-650 has a CV shape closer to a rectangular shape and the most intensive peaks at 0.1/0.2 and 0.7/1.8 V. In addition, NC-650 in LIBs shows the largest area limited by the CV curve, implying the best charge storage performance. This result is directly related to the specific surface of the material and the pore volume, which directly affect the number of electrochemically active centers and the accumulation of Li+ ions rather than Na+ ions. The samples synthesized at higher temperatures have lower numbers of these active centers for alkaline metal adsorption sites than NC-650. Obviously, the NC-650 material has excellent capability, reversibility, and stability in both LIBs and SIBs.



Since NC-650 demonstrates excellent performance in both LIBs and SIBs, the electrochemical kinetics of the NC-650 electrode with respect to lithium and sodium ion electrochemical storage were examined using CV measurements at various scanning rates from 0.1 to 1.0 mV·s−1 (Figure 6a,c). The contribution of pseudocapacitive behavior and diffusion-controlled processes to the electrochemical storage process could be quantitatively estimated through the following equation: i(v) = k1v + k2v1/2, where i(v) is the total current, k1v is the current from a surface-controlled charge storage process (capacitive behavior), and k2v1/2 is the current from a diffusion-controlled process (diffusion), respectively. Figure 6b,d show the capacitive and diffusion contributions to the total capacity of NC-650 in LIBs and SIBs at different sweep rates. In LIBs, the capacitance-driven contribution is 45% at 0.1 mV·s−1, and it gradually increases to 72% with an increase in the scan rate to 1.0 mV·s−1 (Figure 6b). Figure 6c shows that the capacitive contribution to the SIB capacity is 67% at a sweep rate of 0.1 mV·s−1, and, with an increase in the scan rate to 1.0 mV·s−1, the diffusion contribution is depressed, while the capacitive contribution is enhanced to 86% (Figure 6d). These results demonstrate that storing both Li+ and Na+ ions in the highly porous NC-650 material is dominated by the capacitive process, indicating fast electrochemical reaction kinetics and, as a result, excellent rate performance. However, in the case of Li+ ion diffusion-controlled capacity, the contribution is much larger than for Na+ ions. The discharge–charge and CV curves of the NC-750 and NC-850 electrodes are very similar to the NC-650 electrode, but lower capacity values were obtained for these samples. Since the drop in capacity with an increase in the synthesis temperature does not strongly depend on the current density, it can be assumed that in NC-750 and NC-850, as in NC-650, fast charge processes and the capacitive contribution predominated.



The long-term cycling in LIBs and SIBs at a current density of 0.5 A·g−1 shows excellent capacity retention over 500 cycles for all the NC samples (Figure 7a,b). At the same time, the CE remains at the level of ~100% in all cycles. In addition to this, there is a gradual increase in LIB capacity from 658 to 878 mA·h·g−1 for NC-650, from 213 to 303 mA·h·g−1 for NC-750, and from 280 to 418 mA·h·g−1 for NC-850 after 500 operation cycles (Figure 7a). Such increases in specific capacity was previously observed for carbon materials and can be related to the activation of previously inaccessible pores and the development of vacancies [54], or the formation of an electrochemically stable solid electrolyte interface (SEI) film [46]. All these factors increase the number of intercalated or adsorbed Li+ ions. In contrast to the LIB test, the long-cycle performances of the NC samples in the SIB test (Figure 7b) show a slight decrease in capacity after 500 operation cycles. This phenomenon is commonly attributed to the incomplete stabilization of the SEI layer [55] and/or to the capture of Na+ ions between carbon layers and in defective places, which cannot be released during the subsequent discharge process [56].



The discharge–charge test in the fourth cycle (Figure 8a,b) for the CN-650 electrode shows that the fully discharging (charging) of the batteries from 2.5 V at a constant current density of 0.5 A·g−1 to 0.001 V occurs for 1 h 28 min in LIBs, which is 2.7 times faster than in SIBs. At the same time, the LIB system has a 4.5 times higher capacity and energy density than the SIB system, but the power density of 270 W·kg−1 for SIBs is comparable with the 392 W·−kg−1 for LIBs. EIS spectra were measured after five cycles at different potentials of 2.5 V and 0.001 V during the discharge–charge tests (shown by points in Figure 8a,c) to gain insights into the electrochemical Li+ and Na+ storage behaviors of NC-600 (Figure 8c). An alternating voltage with an amplitude of 5 mV in the frequency range from 10 mHz to 10 kHz was applied. The Nyquist plots are composed of two regions: the semicircle in the middle-to-high frequency corresponds to the interfacial impedance and the charge transfer resistance, while the straight line in the low frequency relates to the diffusion of Li+ or Na+ in the electrode material. The impedance is fitted by an equivalent circuit, which includes ohmic internal resistance Rb in the high frequency region, resistance RSEI and constant phase element QSEI referring to an SEI layer, charge transfer resistance Rct and constant phase element Qdl describing the formation of an electric double layer, and a constant phase element Qd related to low-frequency processes of diffusion and charge accumulation at the electrode interface (Figure 8c) [57,58,59]. At a potential of 2.5 V, the NC-650 electrode exhibits the impedance spectrum, which has very similar behavior to that of an ideally polarized blocking electrode, with a constant phase element exponent parameter close to 1. It means the formation of an electric double-layer and the absence of Li+ and Na+ intercalation at this potential. SEI resistance RSEI and charge transfer resistance Rct increase with a decreasing potential to 0.001 for both LIB and SIB cells. This indicates the changes in the structure and composition of the fully lithiated or sodiated SEI layers and electrode bulk. The highest Rct value for fully sodiated NC-650 means that the insertion of Na+ ions induces stronger changes in the structure of the electrode than Li+ ions. In the low-frequency region, the slope of the straight line (an exponent parameter αd of 0.7) remains unchanged for the LIB cell, but in the case of the SIB cell, αd drops to 0.3 as a result of the decreasing potential. This behavior is attributed to deterioration in the diffusion of sodium ions due to changes in the composition of the electrode material.



The diffusion coefficients of lithium and sodium ions in NC-650 were estimated using theoretical processing of the low-frequency linear region of the EIS spectra corresponding to the solid-state diffusion of lithium ions in a material [60]. The Warburg coefficient was obtained via linear approximation of the dependence of the imaginary part of the impedance −Zim(ω) on ω−0.5, where ω is the cycle frequency of the applied AC voltage. The approximation was performed in the frequency range from 10 to 50 mHz at potentials of 2.5 and 0.001 V. The obtained values of the diffusion coefficients are in the range 10−8–10−10 cm2·s−1, depending on the charge state of the battery. These values are comparable for lithium and sodium ions and correlate well with the diffusion coefficient of lithium ions in mesocarbon microbeads and disordered and graphitized carbons [61,62]. However, the values are two orders of magnitude higher than the diffusion coefficient of lithium ions in graphite of 10−12 cm2·s−1 [63,64] which may be related to the high porosity of the materials studied.





4. Discussion


Thermal decomposition of acetonitrile molecules on the surface of calcium tartrate pyrolysis products yields a nitrogen-doped carbon (NC) material, where carbon atoms are mainly in the sp2-hybridized state and form highly defective curved layers. Such morphology provides the high specific surface area (358–770 m2·g–1) and high porosity (0.9–1.3 cm3·g–1) of the material, which makes it attractive for use as an anode in LIBs and SIBs. The textural characteristics as well as the concentration and chemical state of the embedded nitrogen atoms depend on the synthesis temperature (Table 1). It was shown that the material obtained at the lowest temperature (NC-650) has a large surface area, is enriched with small pores (~3 nm), and contains a lower amount of nitrogen (~4 at%). Tests of the three synthesized materials in LIBs and SIBs showed the best performance of NC-650 (Figure 5a,d). Interestingly, the discharge–charge curves recorded for both electrochemical cells have similar slope shapes, which is typical for the adsorption of metal ions on carbon surfaces (Figure 5b,e). The contribution to the capacity from the intercalation process, which occurs below 0.2 V, is higher in the case of LIBs. The study of the kinetics of the electrochemical reactions carried out for the NC-650 electrode confirms the predominance of the pseudocapacitive behavior of the material in SIBs compared with LIBs (Figure 6b,d).



Since the capacitive charge storage is determined by the reactions occurring on the electrode surface, we performed model experiments to study the interactions of the synthesized materials with sodium. In these experiments, thermally evaporated sodium was deposited onto the samples in the vacuum chamber of the spectrometer, which prevented their interaction with air molecules. The three studied samples were placed on one substrate to maintain the same sodium deposition conditions. In actuality, the XPS analysis revealed about 4 at% of Na on the surfaces of all the samples, while concentrations of nitrogen and oxygen did not change relative to the initial samples. Changes in the electronic state of carbon and nitrogen as a result of sodium deposition were monitored using NEXAFS spectroscopy, which is sensitive to the bonding environment of the absorbing atom and can provide additional information about the structural disorder and defect states in carbon matrices.



Figure 9 presents NEXAFS C K- and N K-edge spectral profiles of the samples before and after sodium deposition. The initial C K-edge spectra exhibit π* resonances at 285.4 eV and σ* resonances at 292.5 eV (Figure 9a), which are attributed to the electron transitions of 1s core electrons to unoccupied π* and σ* bands in sp2 carbon materials with aromatic graphitic-like structures [65]. A small feature located between the two resonances at 288.5 eV is due to the presence of carbon atoms covalently bonded to the functional groups [42]. Compared with the spectrum of natural graphite [40], the π* resonances have a greater width and lower intensity, which indicates that the samples consist of defective graphitic layers. The C K-edge spectrum of NC-650 has the lowest intensity of the π* resonance due to its most disordered and defective structure.



The deposition of sodium leads to a slight change in the shape of the C K-edge spectra of NC-750 and NC-850 but causes the suppression of the π* resonance intensity and enhancement of the feature at 288.5 eV (Figure 9a). A similar effect was found earlier in the NEXAFS C K-edge spectra of natural graphite and highly-oriented pyrolytic graphite (HOPG) after interaction with Li vapors [40,66]. The defective HOPG showed the most significant spectral changes, namely a decrease in the intensity of the π* resonance and an increase in the intensity of the peak located between the π* and σ* resonances. Since sodium deposition does not change the concentration of other functional groups, an increase in the intensity of the feature labeled C-Na is associated with the formation of chemical bonds between sodium and carbon.



According to the literature, the NEXAFS C K-edge spectrum of (C5H5)Na has one π* resonance at 285.9 eV corresponding to the antibonding molecular orbitals of the anion (C5H5)− [67], whereas the spectrum of tetracyanoethylene after doping with thermally evaporated Na shows an increased peak in the high energy region at about 287 eV due to adsorption of Na on the edge cyano groups of the molecule [68]. The exact reason for the decrease in the π* resonance and the increase in the intensity of the peak at a higher energy is unknown; it is probable that under-coordinated carbon atoms surrounding small atomic vacancies or located at the edges of graphite domains can form covalent bonds with sodium. The Na 3s and 3px orbitals mix with the dangling C 2px orbitals, and the Na 3pz orbitals overlap with the conjugated π-electron system of graphene. This is similar to the formation of Li-C bonds in the lithiated natural graphite powder [40]. Among the studied samples, NC-650 contains the largest number of defects, which are responsible, in particular, for its large surface area. The high intensity of the C-Na feature in the NEXAFS C K-edge spectrum after the interaction of the sample with sodium indicates the presence of unsaturated carbon atoms, which can be located at the edges of vacancies and graphene domains. Indeed, a similar model study of the interaction between holey graphene and lithium detected an increased intensity between the π* and σ* resonances of the C K-edge spectrum [69]. Vacancies formed in graphitic layers as a result of synthesis can increase in size during repeated charge–discharge cycling of an electrochemical cell. In-plane holes are additional channels for the interlayer intercalation of lithium ions, which ensures the continuous growth of the specific capacity of the carbon-containing material with cycles [54,70]. This behavior was observed during the long-term tests of all the studied samples in LIBs, and the largest capacity gain was achieved with the NC-650 electrode (Figure 7).



The NEXAFS N K-edge spectra of NC-650, NC-750, and NC-850 contain four π* resonances at 398.7, 399.9, 401.4, and 403.0 eV (Figure 9b), consistent with the XPS data (Figure 4d). These resonances correspond to pyridinic (Np), hydrogenated pyridinic (Nh), graphitic (Ng), and oxygenated nitrogen (No), respectively. After sodium deposition, the N K-spectra show a decrease in the intensities of the Np and Ng peaks. Similar spectral changes were found for an N-doped carbon material after the thermal deposition of lithium, and quantum chemical calculations revealed that Li prefers to bind with the pyridinic nitrogen [27].



To elucidate the effects of the defects present in NC layers on the adsorption of sodium, we performed the DFT calculations of graphene fragments with monovacancy (Figure 10a), with double vacancy terminated with four pyridinic Np (Figure 10b), and containing graphitic Ng in the central part and two hydrogenated Nh at the edges (the top model in Figure 10c). The formation of N-terminated double vacancies (N4-sites) in graphene layers grown using the thermal decomposition of acetonitrile vapor was established using extended X-ray absorption fine structure spectroscopy in [71]. Since the layers of our materials deposited on the template nanoparticles are highly curved, a graphene-like cap containing two pentagons was also considered (the bottom model in Figure 10c). Near the defects, from one to two Na atoms were located.



The calculations show that sodium strongly interacts with the four nitrogen atoms of the double vacancy (Figure 10b) and three-edged carbon atoms of the monovacancy (Figure 10a). The corresponding binding energies are 4.12 and 3.28 eV. High values mean that these defects are irreversibly trapping sodium. However, the occupied defects contribute to the addition of the next sodium atoms in their vicinity. The binding energies for the second (Na2) and third (Na3) deposited sodium atoms are 1.29–0.86 eV (Figure 10a,b). Similar values were obtained for the interaction of sodium with the inner surface (1.36 eV) and outer surface (0.92 eV) of curved graphene (the bottom model in Figure 10c). All the above energies are within the potential window in which the studied electrode materials reversibly store sodium. Sodium prefers to sit above a hexagon containing an Ng atom or pentagon containing an Nh atom, but not above a hexagon with Nh (the top model in Figure 10c). However, the latter defect produces a gain in sodium adsorption at the edge of the graphene domain. Therefore, all the considered defects improve the sodium interaction with the graphitic surface, which in the case of an ideal lattice is energetically unfavorable [72]. Similar conclusions were made from DFT calculations of graphene models with divacancies and Stone–Wales defects [4,73].



The bonding of sodium to the under-coordinated carbon atom of the monoatomic vacancy explains the increased intensity of the C-Na feature in the NEXAFS C K-edge spectra of the sodiated samples (Figure 9a). The absence of a change in the electronic state of Nh atoms after sodium deposition (Figure 9b) may indicate that most of these nitrogen atoms are located in hexagons since calculations do not show a direct interaction between nitrogen and sodium in this case. Based on the calculation results, we also conclude that reversible reactions, which give the contribution in the slope regions of the charge–discharge profiles of the NC electrodes (Figure 5e), are due to the adsorption of sodium near topological defects, Ng and edge Nh atoms, and pre-sodiated vacancy defects. The same conclusion can be drawn for lithium.




5. Conclusions


In summary, the composition and structure of nitrogen-doped carbon (NC) materials synthesized using acetonitrile and calcium tartrate can be tuned via the synthesis temperature ranging from 650 to 850 °C. Synthesis results in the inclusion of 4–6 at% nitrogen mainly in the form of pyridinic N, hydrogenated N, and graphitic N. The sample grown at 650 °C (NC-650) had the highest concentration of small pores of less than 5 nm in size, the largest surface area of 770 m2·g−1, and the highest pore volume of 1.3 cm3·g−1. In addition, in this sample, the lowest total nitrogen content, the lowest fraction of graphitic N, and a greater number of defects in the graphitic structure were found. The electrochemical testing of the synthesized NC materials revealed a high reversible capacity of 86–120 mA·h·g−1 in SIBs and 223–489 mA·h·g−1 in LIBs at a current density of 1 A·g−1 and potentials below 1 V vs. Na/Na+ and Li/Li+, as well as their stabilities during long-term cycling. The NC electrodes exhibited a capacitive character in the storage of alkali metals, especially in the case of sodium, which is related to their reversible adsorption on the surface of NC. Lithium diffusion processes contribute more to electrode capacity than sodium ones due to the ability of lithium to intercalate into the interlayer spaces of graphitic materials. The presence on the surface of NC-650 of a large number of sites capable to adsorb metal ions ensured the highest capacity values of 489–1158 mA·h·g−1 in SIBs and 120–182 mA·h·g−1 in LIBs at current densities of 1.0–0.05 A·g−1. The in situ NEXAFS experiments and DFT calculations revealed that nitrogen and carbon atoms located at the edges of vacancy defects are strongly bonded to Na and can explain the high irreversible capacities of the NC electrodes in the first cycles. The adsorption of Na or Li in the regions around the sodiated or lithiated vacancy defects, topological defects, and hydrogenated and graphitic nitrogen groups can contribute to the slope regions of the charge–discharge curves in a wide range of potentials. These results provide new insights for the design and fabrication of NC electrode materials for improved storage of Li+ and Na+ ions. They shed light on the nature of the defects, which could enable efficient sodium storage in SIB anodes.
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Figure 1. Schematic illustration of synthesis process of N-doped carbon materials at temperatures of 650, 750, and 850 °C. 
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Figure 2. SEM (upper) and TEM (down) images of NC-650 (a), NC-750 (b), and NC-850 (c). 
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Figure 3. (a) Nitrogen adsorption–desorption isotherms at 77 K and (b) pore size distributions of NC-650, NC-750, and NC-850. 
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Figure 4. (a) Raman scattering and XPS (b) survey, (c) C 1s, and (d) N 1s spectra of NC-650, NC-750, and NC-850. 
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Figure 5. Electrochemical performances of NC-650, NC-750, and NC-850 in lithium-ion batteries (upper) and sodium-ion batteries (down): (a,d) rate capability at current densities of 0.05–1.00 A·g–1; (b,e) discharge–charge curves in 55th cycles at 0.05 A·g−1; and (c,f) CV curves measured at 0.1 mV·s–1. 
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Figure 6. Electrochemical kinetic analysis for NC-650 in lithium-ion batteries (upper) and sodium-ion batteries (down): (a,c) CV curves at different scan rates; (b,d) diffusion-controlled and capacitive contribution ratios at various scan rates. 






Figure 6. Electrochemical kinetic analysis for NC-650 in lithium-ion batteries (upper) and sodium-ion batteries (down): (a,c) CV curves at different scan rates; (b,d) diffusion-controlled and capacitive contribution ratios at various scan rates.



[image: Batteries 09 00045 g006]







[image: Batteries 09 00045 g007 550] 





Figure 7. Long-term cycling curves at 0.5 A·g−1 for NC-650, NC-750, and NC-850 in (a) lithium-ion batteries and (b) sodium-ion batteries. 
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Figure 8. Galvanostatic charge–discharge profiles of the NC-650 electrode at a constant current density of 0.5 A·g−1 in (a) LIB and (b) SIB. (c) Nyquist plots of EIS spectra for fully charged (at a potential of 2.5 V) and fully discharged (at a potential of 0.001 V) LIB and SIB cells with the NC-650 electrode with the simulation equivalent curves and the equivalent circuit with fitted parameters. 
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Figure 9. NEXAFS (a) C K-edge and (b) N K-edge spectra of NC-650, NC-750, and NC-850 before and after sodium deposition (black line). 
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Figure 10. Graphene fragments with adsorbed Na atoms: (a) graphene with monovacancy, (b) graphene with double vacancy terminated with four pyridinic nitrogen (Np) atoms, and (c) graphene with graphitic (Ng) and edge-hydrogenated nitrogen (Nh) located in pentagon and hexagon (top model) and curved graphene fragment with two pentagons (bottom model). The edges of fragments end with hydrogen atoms. Bonds between Na and the support are shown for distances less than 0.27 nm. The binding energy Eb is calculated for each new Na atom. 
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Table 1. Temperature of the synthesis, specific surface area, pore volume, ratio of nitrogen forms, and LIB and SIB capacities of NC-650, NC-750, and NC-850.
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	Sample
	Synthesis Temperature, °C
	BET Specific Surface Area,

m2·g−1
	Pore Volume,

cm3·g−1
	Total Concentration of Nitrogen, at%
	Concentration of Nitrogen Forms Np:Nh:Ng:No, %
	LIB Capacity,

mA·h·g−1
	SIB Capacity,

mA·h·g−1





	NC-650
	650
	770
	1.3
	4
	37:47:11:5
	489 at 1 A·g−1

1158 at 0.05 A·g−1
	120 at 1 A·g−1

182 at 0.05 A·g−1



	NC-750
	750
	527
	1.1
	6
	38:38:18:6
	180 at 1 A·g−1

405 at 0.05 A·g−1
	102 at 1 A·g−1

165 at 0.05 A·g−1



	NC-850
	850
	358
	0.9
	6
	35:30:29:6
	223 at 1 A·g−1

399 at 0.05 A·g−1
	86 at 1 A·g−1

150 at 0.05 A·g−1
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