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Abstract:

 Amorphous BCN ceramics were synthesized via a thermal conversion procedure of piperazine–borane and pyridine–borane. The synthesized BC2N and BC4N ceramics contained, in their final amorphous structure, 45 and 65 wt % of carbon, respectively. Elemental analysis revealed 45 and 65 wt % of carbon for BC2N and BC4N, respectively. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) confirmed the amorphous nature of studied compounds. Lateral cluster size of carbon crystallites of 7.43 and 10.3 nm for BC2N and BC4N, respectively, was calculated from Raman spectroscopy data. This signified a higher order of the carbon phase present in BC4N. The electrochemical investigation of the low carbon BC2N composition as anodes for Li-ion batteries revealed initial capacities of 667 and 235 mAh·g−1 for lithium insertion/extraction, respectively. The material with higher carbon content, BC4N, disclosed better reversible lithium storage properties. Initial capacities of 1030 and 737 mAh·g−1 for lithium insertion and extraction were recovered for carbon-rich BC4N composition. Extended cycling with high currents up to 2 C/2 D revealed the cycling stability of BC4N electrodes. Cycling for more than 75 cycles at constant current rates showed a stable electrochemical behavior of BC4N anodes with capacities as high as 500 mAh·g−1.
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1. Introduction


Rechargeable lithium ion batteries are currently dominating the field of portable electronics. Considerable attention has been devoted to improving the performance of various insertion materials to meet the requirements of new technologies. Conventional anode materials for Li-ion batteries are based on graphite, which has a theoretical Li storage capacity of 372 mAh·g−1 with the formation of an intercalation compound LiC6. Different forms of carbon-based materials with improved capacities and cycling performances have been widely investigated as an alternative to graphitic anodes [1,2,3,4,5]. Systems that react with lithium via conversion (e.g., Fe2O3 and SnO2) or alloying (e.g., Si, Sn, and Al) mechanisms [6,7,8,9,10,11,12] deliver much higher capacities than graphite. However, the major drawback related to these materials is their poor cycling stability, which emerges from large volume expansion and contraction during Li-uptake and release.



Polymer-derived ceramic (PDC) anodes with in-situ generated disordered carbons embedded in an amorphous ceramic matrix are potentially promising candidates to be used as electrode materials. Within recent years, anode materials based on carbon-rich SiOC and SiCN PDCs have been widely investigated for their lithium storage properties [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. It has been reported that carbon-rich silicon carbonitride (SiCN) recovers capacities as high as 600 mAh·g−1[25] while storing lithium mostly in the carbon phase [23,28]. The composite materials consisting of graphite/carbon-poor SiCN or precursor-derived Si(B)CN coated-multiwalled carbon nanotube (CNT) composite exceed by far the sum of the capacities of the single components [27,29,30]. Further, promising efforts have been done by using SiCN as stabilizing matrix for MoS2 [31] and boron nitride [32]. Core-shell silicon oxycarbide—carbon nanotubes composites demonstrate extremely high capacities of ~800 mAh·g−1 and good capacity recovering at high current [33], while embedding of silicon nanoparticles in SiOC matrix lead to material stabilization with respect to prolonged cycling [34,35]. Outstanding electrochemical properties of SiOC and SiCN materials with respect to reversible lithium storage have been explained in relation to their complex amorphous nanostructure and the presence of a high amount of disordered free carbon distributed in the final ceramic matrix [28,36,37,38]. However, initial irreversible capacity loss is still a concern for these silicon-based PDCs.



Few reports provide information on the ion reversible hosting properties of carbon-based layered electrodes having other light atoms such as boron and nitrogen distributed within the carbon network. Nevertheless, heteroatom substitution in carbonaceous material is found to improve the electrochemical performance towards lithium storage. Doping with nitrogen or boron is an interesting approach to enhancing the performance of carbon-based anodes [39,40,41,42]. Boron-doped carbon has been reported to improve reversible Li storage capacity compared to pristine materials [43]. Boron or nitrogen-doped graphene have been investigated with respect to its use as an electrode in Li-ion batteries and demonstrated excellent capacities in the range of 1000 mAh·g−1 and stability with respect to very high currents charge/discharge [44]. Nevertheless, likely due to their particular morphology and microstructure, these materials suffer from substantial irreversible first insertion losses of around 50%, poor extended cycling efficiency of 95%–96%, and significant hysteresis.



Concerning B–C–N systems, only a handful of materials have been investigated with respect to the lithium storage properties. Ishikawa et al. [40] was the first to explore BCxN, systems (x = ~3, 7, 19) as anode materials, and found that storage capacity increases with an increase in the carbon content. The observed capacities were in the range of 180 mAh·g−1 for the studied materials. Later, Kawaguchi et al. [45] studied graphitic BC6N materials for anode materials. BC6N had an improved capacity of 303 mAh·g−1 during first discharge. These studies showed that Li-intercalation into bulk BCNs occurred with a smaller interlayer expansion ratio than that of graphite, thus suggesting better cyclability. However, these bulk materials exhibited low capacity. Recently, Lei et al. [39] reported nanostructured B–C–N layers with improved capacities of 390 mAh·g−1 and cycling stabilities at higher current rates.



For the present work, B–C–N ceramics were synthesized from amine boranes (piperazine–borane and pyridine–borane) through a high-temperature pyrolysis process. Two different compositions of polymer-derived BCN systems, namely, BC2N and BC4N, were investigated for lithium storage properties. Both compositions have revealed good cyclability; in particular, carbon-rich BC4N ceramics showed reversible Li storage capacity as high as 735 mAh·g−1 at a slow rate.




2. Results and Discussion


The results of elemental analysis of C, N, and O content in the final BC2N and BC4N ceramics are listed in Table 1. Both samples are homogeneous with less standard deviation (5 random samples average data presented). The C to N ratio of 1.85 and 3.97 confirms the empirical formula BC2N and BC4N. The minor amount of oxygen of 2.4 and 1 wt % analyzed in BC2N and BC4N, respectively, is due to the manipulation of the samples in air. The amount of carbon in the final ceramics equals 45 wt % for BC2N and 65 wt % for BC4N.


Table 1. Bulk elemental analysis results of the synthesized BCN ceramics.


	C [wt %]
	N [wt %]
	O [wt %]
	Empirical Formula





	45.7 ± 0.9
	29.17 ± 1.8
	2.41 ± 0.2
	BC1.85N1.01O0.08 ~ BC2N



	65.5 ± 1.3
	18.32 ± 1.7
	0.95 ± 0.25
	BC3.97N0.95O0.04 ~ BC4N









XRD patterns of the precursors are shown in Figure 1, indicating the amorphous nature of both BC2N and BC4N compositions. The broad reflections observed in the diffraction patterns (marked with *) are due to the turbostratic nature of the BCN [46,47].


Figure 1. XRD patterns for synthesized BC2N and BC4N. Reflexes * stem from turbostratic nature of BCN [46,47].
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The results of XPS measurements of the BC2N and BC4N have been reported in a previous study [48]. It confirms the presence of C–C, C–N, N–C, N–B, B–N and B–N–C [49,50] bonds and indicates the presence of C–O or C=O bonds in BC2N due to the surface oxygen (2.4%), as already revealed by elemental analysis. The presence of a noticeable amount of N–C, C–N [51], and B–N–C [49] bonds is also unambiguous. Raman spectra for both amorphous BC2N and BC4N compounds are presented in Figure 2. In both spectra, D (1350 cm−1) and G (1580 cm−1) bands are present, characteristic of carbonaceous materials. The presence of the intense D band approves the amorphous nature of the carbon phase, well corresponding to the absence of any graphite diffraction intensity in the XRD patterns. The well-pronounced G band is attributed to the presence of an ideal graphitic lattice vibration mode with E2g symmetry. These findings are also consistent with the earlier report on amorphous BC2N [52]. One can easily notice that G band contribution is more prominent in amorphous BC4N compounds. The lateral cluster size (La) values is calculated by using the following equation proposed by Cancado et al. [53] with a laser wavelength of λ = 488 nm. In order to determine the integral (area) intensities of the D-band (ID) and G-band (IG), the 2-peaks (D and G) fitting using the Breit–Wigner–Fano (BWF) function was applied [54].


Figure 2. Raman spectra of BCN ceramics.
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The La values for amorphous BC2N and BC4N compounds are found to be around 7.43 and 10.3 nm respectively. These results confirm that the carbon phase within amorphous BC4N compounds demonstrates a more ordered nature compared to the free carbon phase within amorphous BC2N.



TEM micrographs for both BC2N and BC4N are presented in Figure 3. The corresponding selected area electron diffraction (SAED) image and EDX spectrum are shown in the inset. The SAED and TEM images confirm the amorphous nature of investigated materials. The TEM EDX analysis of different regions of the sample indicates the homogeneity (well dispersed B, C, and N). The intensity ratios analysis of the B, C, and N peaks in the EDX spectrum consistently showed the BC2N and BC4N composition for the respective sample. Oxygen contamination is also confirmed.


Figure 3. TEM images of the BC2N (a) and BC4N (b) ceramics. The corresponding selected area electron diffraction (SAED) image and EDX spectrum are shown in the inset.
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The first cycle charge/discharge profiles of BC2N and BC4N electrodes are presented in Figure 4. The charging/discharging rate is the same both for lithium insertion and extraction, equal to 18 mA·g−1; the data are summarized in Table 2. The charging and discharging capacities of the BC2N amount to 667 and 235 mAh·g−1, respectively. The BC2N material reveals a large irreversible capacity loss during the first cycle, with a columbic efficiency of around 30%. Columbic efficiency η is obtained by a simple correlation of the first cycle insertion capacity (Cins 1st) and first cycle extraction capacity (Cextr 1st), η = Cextr 1st/Cins 1st × 100%. The first cycle charging capacity of BC4N is much higher and amounts to 1030 mAh·g−1, while the discharge capacity amounts to 737 mAh·g−1, with a much higher first cycle efficiency of 72%. It should also be noted that most of the capacity is recovered below 1.5 V, and the investigated materials present reduced hysteresis in comparison to other polymer-derived electrode material [18,36].


Figure 4. First cycle lithiation/delithiation profiles of studied BCN samples at a rate of C/20 (18 mA·g−1); solid line represents lithiation, and dotted line represents delithiation.
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Table 2. Electrochemical capacity data for BC2N and BC4N ceramics.


	Sample
	Capacity Liinsertion (mAh·g−1)
	Capacity Liextraction (mAh·g−1)
	Efficiency η (%)
	Capacity Recovery (mAh·g−1)





	BC2N
	667
	235
	35
	265



	BC4N
	1030
	737
	72
	600









The capacities of the BC2N and BC4N recovered during extended cycling with an increasing rate are presented in Figure 5. Initially at slow rates, the fading of the capacity is registered. The values stabilize after 10–15 cycles and remain stable during extended cycling periods. BC2N cells show good cycling stability but low capacities of 125 mAh·g−1 at C/2 rate, ~100 mAh·g−1 at C rate, and ~80 mAh·g−1 at 2 C rate. BC4N gains the stability after 15 cycles and recovers capacities of ~400 mAh·g−1 at C/2 (180 mA·g−1), ~300 mAh·g−1 at C (360 mA·g−1), and ~200 mAh·g−1 is maintained at a rate of 2 C (720 mA·g−1).


Figure 5. Electrochemical cycling of BCN samples at different current rates, from C/20 to 2 C (18 mA·g−1–720 mA·g−1).
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Both BCN compounds demonstrate good capacity recovery when the initial rate imposed after high currents. A reversible capacity of 600 mAh g−1 is recovered for BC4N cells, and a capacity of ~265 mAh·g−1 is recovered in case of the BC2N electrode, respectively.



The BC4N cells with high specific capacity were subjected to cycling at a constant rate of 75 cycles at 100 mA·g−1 to determine the long term cycling stability. The cycling data is presented in Figure 6. The cells cycled at this rate have an initial charging capacity of 730 mAh·g−1 and a discharge capacity of 500 mAh·g−1, with a first cycle columbic efficiency of 65%. BC4N shows excellent cycling stability with almost constant specific capacity higher than 500 mAh·g−1. The charging/discharging efficiency of subsequent n cycles, η′= Cextr n /Cins n × 100% reaches ~99% from the 10th cycle.


Figure 6. Cycling of BC4N electrode for 75 cycles at 100 mA·g−1. Inset shows the first cycle charging/discharging profile.
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With respect to carbon-poor BC2N, carbon-rich BC4N electrodes showed a significantly larger reversible capacity. The columbic efficiency of 73% for the initial slow rate lithiation/delithiation cycle is registered for BC4N composition. The enhanced electrochemical lithium storage properties registered for BC4N with respect to BC2N are attributed to the increased amount of carbon content in the BC4N material, which is 65 wt % with respect to 45 wt % present within the BC2N structure. It has been already reported in previous studies that increasing carbon content in BCN-based anodes increases the electrochemical lithium storage capacities [40]. Raman investigation also reveals significant changes in the structure of the materials, namely, a much higher lateral cluster size, La = 10.3 nm, found for the BC4N material. The La value for amorphous BC2N amounts to 7.43 nm, respectively. It signifies that more ordered carbon (higher La) might also enhance lithium storage performance. However, we assume that a decreased carbon content, which serves as the major active phase for reversible Li insertion in polymer-derived SiCN and SiOC ceramics [14,15,23,26], is the main reason for diminished electrochemical performance of BC2N.



The complex nanostructure of BCN materials makes it difficult to identify the Li storage mechanism inside this ceramic matrix. The presence of boron and nitrogen atoms having different electronic configuration in a largely distributed free carbon network may help in attracting excess electrons and make way for more lithium storage. Boron can also act as an electron acceptor, facilitating fast lithium ion diffusion through the doped carbon matrix. A clear mechanism for lithium insertion in the case of BCN-based anodes has not been reported in the literature yet. Kawaguchi et al. [45] stated that the amorphous nature is the main reason for poor cycling stability and high irreversible capacity reported for BCN ceramics [40]. Higher crystallinity of BC6N made the potentials of lithium insertion/extraction to this material lower, and insertion/extraction E (V) vs. time transients flatter than those of lower crystallinity, which is in good analogy to the relation between graphite and non-graphitic carbon [55]. It is stated that rapid intercalation of lithium ions into crystalline BCN ceramic results in the formation of the first stage intercalation compound LixBC6N. This, in turn, suggests a strong interaction between the intercalate Li and the host material BC6N. The first stage compound of LixBC6N prepared by the electrochemical method had the d-spacing of 0.355 nm, which is smaller than that of the first stage GIC LiC6 (0.370 nm). Nevertheless, the capacities of first extraction do not exceed 300 mAh·g−1, and fading is found for subsequent cycles. Lei et al. [39] synthesized BCN nanosheets and registered a very good rate capability and reasonable stability; however, the low rate capacity does not exceed 400 mAh·g−1.



Within this study, we investigated the BCN ceramics of amorphous nature, which recover a stable capacity of 500 mAh·g−1. Although BC4N contains less carbon than that of crystalline BC6N [45], it demonstrated significantly enhanced electrochemical performance. The capacity stabilizes after several cycles when cycled with increasing currents, while, with a constant current of C/5, extremely stable behavior over 70 cycles and high capacity of ~500 mAh·g−1 was registered. We can explain these excellent electrochemical properties with respect to crystalline BC6N by an analogous comparison with graphite and disordered carbon. Whereas graphite with its common staging intercalation behavior presents low voltage plateaus but low capacity, disordered carbons often demonstrate hysteresis in their potential vs. capacity curves but a much higher capacity and rate capability [1]. In a similar way, the capacity of crystalline BCN ceramics is limited by the ordered graphite-like structure. The compounds investigated within this study can store much more lithium due to their disordered nature.




3. Materials and Methods


Amorphous BC2N and BC4N were synthesized in an argon atmosphere via thermal conversion of piperazine–borane and pyridine–borane, respectively, up to 1050 °C and 2 h hold time (100 °C/h heating rate) [46,56,57]. The reaction proceeded via the formation of a highly cross-linked and hence insoluble and infusible polymeric intermediate; hence, these are also called polymer-derived ceramics. The carbon, nitrogen, and oxygen content in the final BCN ceramics was determined by hot gas extraction/combustion analysis using LECO C-200 and LECO TC-436, with the accuracies of 5 ppm and 1% of the measured amount, respectively. Angle-dispersive X-ray powder diffraction data were collected by using STOE STADI P diffractometer with Mo-Kα1 (λ = 0.70931 Å) radiation with a position-sensitive detector having a 6° aperture. Raman spectra were taken with a confocal micro-Raman spectrometer Horiba HR 800 (Horiba, Japan) using an Ar-Ion (Blue) laser with a wavelength of 488 nm. Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) studies were carried out using a Jeol JEM 2100F field emission transmission electron microscope equipped with an Oxford X-max80 EDX detector.



Electrochemical characterization was carried out using a Swagelok® type cell assembly, with lithium metal as the counter/reference electrode (99.9% purity, 0.75 mm thick, Alfa Aesar, Karlsruhe, Germany) and 1 M LiPF6 in ethylene carbonate and diethyl carbonate mixture of volume ratio 1:1 (LP 30, Merck KGaA, Darmstadt, Germany) as the electrolyte. A QMA Whatman™ quartz microfiber filter (GE Healthcare Life Sciences, Buckinghamshire, UK) separator was used between the electrodes. The BCN samples were air sensitive, and the electrode coating was made inside an argon filled glove box (MBraun). The working electrode was made of 85 wt % of BCN + 10 wt % polyvinylidenefluoride (PVDF, Solvay, Sembach, Germany) + 5 wt % Carbon Black Super P® (Timcal Ltd., Bodio, Switzerland) black. N-methyl pyrolidone (NMP, BASF, Ludwigshafen, Germany) was used as solvent, and the slurry was then coated on a copper foil (10 µm, Copper SE-Cu58, Carl Schlenk Metallfolien AG, Roth, Germany) using a hand blade. The coating was allowed to dry overnight inside the glove box, and electrodes with a diameter of 6 mm were cut from the coating. The obtained electrodes were weighed and dried under vacuum at 80 °C for 24 h using a Buchi oven, prior to cell assembly. The average electrode loading was ~2 mg·cm−2. The electrodes were then transferred again into an argon filled glove box (MBraun) for cell assembly.



The assembled cells were subjected to galvanostatic charging/discharging studies within a potential window of 0.005–3 V with different current densities using a VMP multipotentiostat (BioLogic Science instruments). The current densities were increased step by step after a specified number of cycles and from a faster charging rate of C-rate to 2 C rate. The Galvanostatic Cycling with Potential Limitation (GCPL) cycling rates used were C/20 × 2 + C/10 × 5 + C/5 × 5 + C/2 × 20 + C × 50 + 2 C × 50 + C/20 × 2. Each discharging was performed using the corresponding charging rate (C = D = 360 mA·g−1). The cells were subjected to the initial charging rate after the complete cycling to check the reproducibility of the system.




4. Conclusions


Amorphous BC2N and BC4N ceramics were synthesized and investigated towards lithium storage properties. It was found that the BC4N composition delivers reversible Li storage capacity as high as 735 mAh·g−1 at a slow rate of C/20 and has a stable capacity of ~500 mAh·g−1 at a charging/discharging rate of 100 mA·g−1 during extended cycling. Low carbon BC2N composition has lower specific capacities, but presents stable behavior over extended cycling. Both the B–C–N compounds are able to recover their initial capacities after cycling the cells for 135 cycles, indicating stability of the BCN-microstructure towards multiple lithiation/delithiation. Interesting electrochemical properties of this material are generally explained in connection with their amorphous nature and with the presence of a high amount of disordered and in situ-formed carbon, along with boron and nitrogen heteroatoms distributed in the structural network.
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