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ABSTRACT 

We report synthesis of a sheet-like composite composed of hexagonal boron nitride (or BN) 

chemically integrated with silicon carbonitride (SiCN) matrix via a simple pyrolysis route. The 

composite offers several unique features such as improved electrical conductivity, high-

temperature oxidation resistance  (at 1000 °C), and high electrochemical activity toward Li-ions 

generally not observed in SiCN or boron doped SiCN.  Tested as electrode in Li-ion half-cell, 

SiCN/BN show charge capacity of ~517 mAh g-1 at 100 mA g-1 and 283 mAh g-1 at 2400 mA g-1 

with respect to total weight of electrode. Additionally, a stable charge capacity of ~401 mAh g-1 

at 100 mA g-1 is retained even after continuous operation for 1000 cycles at 1600 mA g-1. 

Chemical characterization of the composite suggests that addition of BN to polysilazane in 

moderate amounts (~10 wt%) and subsequent pyrolysis resulted in an increased free-carbon 
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content in the amorphous SiCN phase, which exceeded the percolation limit, leading to the 

improved electrical conductivity and Li-reversible capacity.  

Keywords: graphene, nanosheets, polymer-derived ceramics, anode, lithium ion battery, 2-D 

materials. 

INTRODUCTION 

Powering of electric vehicles or next generation wearable electronic devices that run on Li-ion 

battery (LIB) technology will require new electrode materials beyond the traditional graphite 

anode because of its poor rate capability and low charge capacity (theoretical charge capacity 

approximately 372 mAh g-1).1-7 Desired characteristics of next-generation LIB system include 

high power and energy density, improved safety, long life, and lightweight. 1-2, 8 Research has 

shown that silicon (Si) anodes can drastically increase the capacity of existing LIB by more than 

30%. 9-11 Unfortunately, however, Si experiences huge volume changes during charge/discharge 

cycles and has poor electrical conductivity that generally leads to poor rate capability.12-13 

Although, nanoengineered Si-based materials (such as nanowires, nanoparticles and hollow 

nano-spheres) that can sustain large mechanical strains with minimal capacity degradation have 

shown promise in laboratory experiments, a practical and cost-effective solution is yet to be 

realized.14-26 

Among other Si-based materials for LIB anodes, silicon-based polymer-derived ceramics (or 

PDCs) rich in carbon have shown high specific capacity even at high current densities.27-39 These 

ceramics are lightweight (density ~1.8 to 2.2 g.cm-3), chemically inert, stable at high 

temperatures, and readily synthesized through direct pyrolysis of single-source polymeric 

precursors. Two main types of PDCs, SiCO (silicon oxycarbide) and SiCN (silicon carbonitride), 

have gained attention because their Li discharge capacity is nearly 3 times the discharge capacity 
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of commercial graphite anode.28-30, 32-38 This high capacity is derived from the particular structure 

of PDCs, which consists of a three-dimensional network of silicon, carbon and nitrogen (or 

oxygen for SiCO) atoms and excess disordered carbon (or free carbon phase) that generally 

provides majority of active sites for reversible adsorption of lithium ions.34 However, cycling 

stability and efficiency of polysilazane-derived SiCN is considerably lower than SiCO anode. 

SiCN generally suffers from very high first cycle loss of Li (up to 70% in certain cases) 29, 31 and 

has low electrical conductivity that brings down its reversible capacity and rate capability to 

values similar or worse than commercial graphite after only a few initial cycles.35-36 Research has 

shown that some of these weaknesses can be addressed by changing the pyrolysis conditions 

(such as extended heat treatment), altering the polymeric precursor type (e.g., 

polysilylcarbodiimide is preferred over polysilazane) or, by introducing a suitable quaternary 

element, such as boron or aluminum, 40-46 at molecular scale. In previous work, precursor-derived 

amorphous Si(B)CN ceramics showed improved electric property (up to 4 orders of magnitude 

higher conductivity than SiCN) and superior electrochemical performance.46, 47 In addition, 

composites made of SiCN matrix with filler phases comprised of carbon nanotubes (CNTs),48 

graphite,49 and carbon nanofiber50 have been shown to improve electrical conductivity and 

resistance to mechanical cracking. However, rate capability and cycling stability of Si(B)CN and 

SiCN-based nanocomposite electrodes remain inferior to polymer-derived SiCO or other 

nanocomposite electrodes currently under investigation. One reason for this inferiority could be 

the presence of Si, C, N, O danglings bonds which may form Li irreversible phases resulting in 

high first cycle loss. For precursor-derived Si(B)CN, it could be the limited amounts of B that is 

ultimately retained in the pyrolyzed ceramic. Therefore, based on improved electrochemical 

performance of Si(B)CN ceramics compared to SiCN ceramics, we conclude that introduction of 
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higher quantities of boron as (nano) sheets or (nano) particles in the SiCN network is a logical 

parallel step toward the improvement of electrochemical performance. Sheet or particle-like 

morphology is expected to improve overall accessibility for Li ions in the electrode during 

successive charge/discharge cycles. 

We synthesized a SiCN/BN composite by functionalizing hexagonal boron nitride (h-BN, 

expressed here as BN) sheets with a commercial off-the-shelf polysilazane precursor, followed 

by pyrolysis at 1000 °C. We observed that preparation of SiCN/BN composite with a sheet-like 

morphology provided a unique opportunity to tailor the nitrogen bonds with boron and also 

increased free carbon content in the SiCN matrix, thereby, improving its electrical conductivity 

by orders of magnitude compared to boron-free SiCN ceramics. These changes in the molecular 

structure of the final ceramic yielded a material with excellent electrochemical stability even at 

high current densities. Composites made of SiCN matrix and precursor-derived BN (SiCN/BNF) 

and powdered boron (SiCN/BP) as filler phase were also prepared in order to extrapolate and 

highlight the distinctive chemistry that governs high capacity in SiCN/BN.   

MATERIALS AND INSTRUMENTATION  

Boron nitride (99.9%) was purchased from Sigma Aldrich. Poly (ureamethylvinyl)silazane 

(commercial name: Ceraset) was obtained from Clariant Corporation. All materials were used as 

received without further purification. 

Scanning electron microscopy (SEM) of the synthesized material was carried out on a Carl Zeiss 

EVO MA10 system with incident voltage of 5 kV-30 kV. Transmission electron microscopy 

(TEM) images were digitally acquired by use of a Phillips CM100 operated at 100 kV. Surface 

chemical composition was studied by X-ray photoelectron spectroscopy (XPS, PHI Quantera 
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SXM) using monochromatic Al Kα X-ray radiation. 11B MAS NMR spectra were recorded at 

11.7 T on a Bruker Avance500 wide-bore spectrometer operating at 160.47 MHz, using a Bruker 

4 mm probe and a spinning frequency of the rotor of 12 kHz. Spectra were acquired using a spin-

echo θ-t-2θ pulse sequence with θ=90° to overcome problems of probe signal. The t delay (83 

μs) was synchronized with the spinning frequency and recycle delay of 1s was used. Chemical 

shifts were referenced to BF3(OEt)2 (δ=0 ppm). The FTIR spectra were collected using Thermo-

Nicolet Nexus 870FT-IR spectrometer. FTIR samples were prepared by mixing ~1 wt% of the 

finely powdered sample with FTIR grade KBr powder. Phase evolution was characterized by 

using Bruker powder X-ray diffractometer (Madison, WI) operating at room temperature, with 

CuKα radiation and nickel filter. The pyrolyzed samples were finely crushed with mortar and 

pestle and laid on the palette for analysis. Thermogravimetric analysis was performed using 

Shimadzu 50 TGA (Columbia, MD) (limited to 1000° C). Sample weighing, ~2.5 mg, was 

heated in a platinum pan at a rate of 10 °C min-1 in air flowing at 10 mL min-1.  

PREPARATION OF SiCN/BN, SiCN/BNF, SiCN/BP   

SiCN/BN: Chemical modification of Polyureasilazane (commercial name: Ceraset) was 

performed using commercially obtained BN (99.9%) nanosheets from Sigma AldrichTM. 1 g of 

BN (sonicated in propanol and dried) was mixed with 10 mL of polyureasilazane and stirred for 

12 h at room temperature. Subsequently the mixture was cross-linked at 250 °C (heating rate 100 

°C h− 1) for 180 min to obtain a white powder. The cross-linked powder was then pyrolyzed in N2 

atmospheres at 1000 °C in a tube furnace to obtain an amorphous black powder termed as 

SiCN/BN.  
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SiCN/BNF and SiCN/BP specimens: Similar procedure was followed as conducted for SiCN/BN 

preparation with the exception that instead of commercially obtained BN, the following boron 

modifiers were added to polyureasilazane: cross-linked BN polymeric precursor synthesized 

using procedure from literature51-57 for synthesizing SiCN/BNF and commercially obtained boron 

powder from Sigma Aldrich for SiCN/BP.  

PREPARATION OF PAPER ELECTRODE 

10 mL colloidal suspension of GO (graphene oxide) in 1:1 (v/v) water was made by sonication 

for 10 minutes. GO was synthesized using Hummer’s method.58 60 wt% active material 

(SiCN/BN, SiCN/BNF or SiCN/BP) in 10 mL of isopropanol (ISP) was added to this solution 

and the solution was further sonicated for 60 min. When creation of the composite suspension 

was complete, it was filtered by vacuum filtration through a 10 μm filter membrane. Composite 

paper was carefully removed from the filter paper and dried. This dry paper then underwent 

reduction by heat treatment in a tube furnace at 500 °C under flowing argon gas for 2 h. The 

thermal reduction process resulted in conversion of GO to rGO (reduced graphene oxide) with 

approximately 50-60% weight loss. The thermally reduced composite papers consisted of 

approximately 20 wt.% rGO.  

COIN CELL ASSEMBLY 

Half-cell batteries were made by punching a 14.3 mm diameter circle from the paper for use as 

working electrode. A few drops of electrolyte solution of 1 M LiPF6 (Alfa AesarTM) dissolved in 

(1:1 v/v) dimethyl carbonate: ethylene carbonate (ionic conductivity 10.7 mS cm-1) was used. A 

19 mm diameter glass separator soaked in electrolyte was placed between the working electrode 

and pure lithium metal (14.3 mm diameter), which acted as a counter electrode. Washer, spring, 
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and a top casing were placed on top to complete the assembly before crimping. The entire 

procedure was conducted out in an Ar-filled glovebox. 

Electrochemical performance of assembled coin cells was tested using a multichannel BT2000 

ArbinTM test unit sweeping 2.5 V to 10 mV versus Li/Li+ using the following cycle schedule: (a) 

Asymmetric mode: Li was inserted at 0.1 A g-1 (with respect to total electrode weight), while the 

extraction was performed at increasing current densities of 100, 200, 400, 800, 1600 and 2400 

mA g-1 for five cycles each, and returning to 100 mA g-1
 for the subsequent 10 cycles. (b) 

Symmetric mode: Later, all the cells were subjected to symmetric cycling at a current density of 

1600 mA g-1
 for up to 1000 cycles, returning to 100 mA g-1

 for the last 20 cycles. 

RESULTS AND DISCUSSIONS 

The schematic in Figure 1 describes the possible reaction mechanism involved in the formation 

of SiCN/BN composite. We hypothesize that vigorous physical mixing of few-layer thick boron 

nitride (BN) sheets with liquid polysilazane results in their chemical functionalization, which, 

upon cross-linking at 300 °C, forms polysilazane/BN polymer composite. With additional 

heating in N2 at 1000 °C, polysilazane transforms to SiCN with evolution of H2, CH4, and NH3 

forming an integrated SiCN/BN composite with a layered morphology. 

Electron microscopy images of as-obtained BN powder and as-synthesized SiCN/BN composite 

are compared in Figure 2 and Supporting Information Figure S1. TEM and SEM images 

confirmed a layered and ‘fluffy’ structure of the as-obtained BN, while SiCN/BN composite 

appeared more dense and compact, although sheet-like morphology of initial BN could still be 

observed. The selected area electron diffraction (SAED) pattern for SiCN/BN was similar to BN, 

indicating that BN sheets were intact in the composite. From the SEM images, the average 
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particle size of SiCN/BN was observed to be approximately (5 to 10) μm. As-pyrolyzed SiCN 

and SiCN modified with boron particles (i.e., SiCN/BP) and cross-linked polyborazylene (i.e., 

SiCN/BNF) appeared more irregular with tiny particles decorating big micrometer size particles, 

as shown in Supporting Information Figure S1(a through e) in a side-by-side comparison.  

Top-view and cross-section SEM images of various paper electrodes prepared with rGO 

(reduced graphene oxide) as conducting support (see Methods section for electrode preparation) 

are presented in Supporting Information Figure S1 (f through o); the free-standing paper 

electrode with rGO support had a thickness of approximately 20 to 25 μm. Closer examination 

showed the paper to be layered with rGO platelets embedded with SiCN/BN particles which had 

sheet-like morphology.  

Further characterization involved X-ray photoelectron spectroscopy (XPS) analysis of SiCN/BN 

composite as shown in Figure 3(a-b), which revealed distinct peaks from which elemental 

composition of the final material was confirmed. Survey scans in Supporting Information Figure 

S2 of SiCN/BN showed the existence of Si, B, N and C elemental peaks rising from valence 

energy levels for the respective atoms. Atomic percentage of boron in the composite was 6.8%, 

which is much higher than other boron-doped SiCN.40 The peak at approximately 190.5 eV for 

high resolution B 1s in Figure 3b confirmed the presence of B-N bond in the pyrolyzed 

composite, thereby suggesting successful retention of BN after pyrolysis.40, 42 High resolution 

XPS spectrum of C 1s and N 1s for SiCN and SiCN/BP are included in Supporting Information 

Figure S3. A comparison of C 1s peaks with SiCN/BN revealed that three distinct peaks could be 

fitted at 283.4, 284.5, and 288 eV attributed to Si-C, C-C, and C-O bonds, respectively. Closer 

examination of the area under the peaks revealed a higher percentage of C-C bonds (-sp2 type 

carbon) in SiCN/BN (0.14 %) compared to ‘neat’ SiCN (0.04%) and SiCN/BP (0.1%) 
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specimens. The N 1s spectrum for SiCN/BN specimen could be resolved to Si-N (396.8 eV) and 

B-N (398.2 eV) while the spectrum for SiCN and SiCN/BP specimens were similar and resolved 

to two Si-N bonds at (396.8 and 397.1 eV). High-resolution B 1s spectrum (Supporting 

Information Figure S4) of SiCN/BNF was quite different with an emergence of a weak peak at 

192.2 eV. That peak was the only observable peak in SiCN/BP.  

The chemical bonds present were also characterized using Fourier Transform Infrared (FTIR) 

spectroscopy which showed that SiCN/BN and SiCN/BNF had strong BN bond vibrations with 

no obvious presence of B-O bonding (Supporting Information Figure S5). Peaks ascribed to 

vinyl groups are C-H vibrations at 3047 cm-1 and C-C stretching at 1591 cm-1. Peaks attributed to 

Si-NH-Si groups are N-H stretching at 3374 cm-1 and Si-N vibration at 1160 cm-1. Si-CH3 

characteristic peaks are at 1253 cm-1 and methyl vibrations at 2954 and 2896 cm-1. The large 

peak at 2111 cm-1 is attributed to Si-H and small peaks at 805 and 750 cm-1 can be assigned to Si-

N and Si-C, respectively.59-63 

Additional characterization of the composite was carried out by use of solid-state NMR (11B), as 

shown in Figure 3c. 11B solid-state MAS NMR spectra of samples SiCN/BN and SiCN/BNF 

demonstrated a main signal in the region of tricoordinated boron atoms tentatively simulated 

with a site at 30 ppm (CQ = 3.0 MHz, η = 0.2) assigned to B-N bonds in planar BN3 groups 

within BN graphitic layers. A second small signal at δiso = 0.6 ppm (no quadrupolar shape) is 

indicative of the presence of tetragonal BO4 groups in minor quantity.54, 55 The 11B spectrum of 

SiCN/BP showed a shapeless signal centered at 4.5 ppm characteristic of amorphous elemental 

boron.64  Chemical characterization of the hybrid matrix involved X-ray diffraction (XRD) to 

identify crystallinity of the composite material, as shown in Figure 3d. SiCN/BN spectrum was 

comparable to XRD of as-obtained BN powder spectrum (insert in Figure 3d) with characteristic 
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002 peak at 28° 2θ, indicating that BN sheets were primarily intact in the amorphous SiCN 

ceramic matrix. Very weak but similar spectrum was obtained for SiCN/BNF specimen, while 

SiCN/BP material was featureless in X-ray.  

In summary, FTIR and XPS characterization of SiCN/BN composite material suggested the 

presence of only B-N bonding with little or no evidence of damage to BN sheets upon 

pyrolysis.42 While NMR data showed that the boron was tricoordinated as planar BN3 groups. 

Amorphous nature of Si-C and Si-N groups and crystalline B-N groups were observed using 

XRD in SiCN/BN composite material. Results confirmed the structure deduced in Figure 1.  

Thermogravimetric analysis (TGA) plots of all materials were compared (see Figure 3e) in order 

to identify thermal stability. SiCN/BN was extremely stable with no significant weight change 

even when heated to 1000 °C in flowing air. In contrast, SiCN/BNF composite showed a weight 

loss attributed to the presence of residual compounds (such as H2O) in polyborazylene-derived 

BN (BNF) material. SiCN/BP composites had slight weight gain caused by oxidation of boron 

into boron oxide. 

Four-point surface electrical conductivity of various ceramic specimens was also measured and 

compared. Data presented in Figure 3f clearly shows that SiCN/BN displayed highest electrical 

conductive of any specimens at 0.115±0.005 S.cm-1, which is as high as doped silicon but lower 

than the rGO. SiCN/BP demonstrated the next highest electrical conductivity. Increased 

conductivity of SiCN/BN composite (compared to other PDCs pyrolyzed under similar 

conditions) 46,47 is attributed to the increased amounts of C-C bonding character in the composite, 

which was considerably higher as confirmed by the XPS.  
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Electrochemical behavior of the SiCN/BN/rGO electrode (with approximately 20 wt.% rGO as 

mechanical support) was studied by cycling it in a half-cell configuration against pure lithium 

metal. Mass loading of SiCN/BN in the composite paper was confirmed by use of TGA (see 

Supporting Information Figure S6). Specific capacity values were calculated with respect to total 

weight of the electrode and mass of active material. Figures 4a and 4b show the charge/discharge 

profile and differential capacity curves of the SiCN/BN electrode’s first two cycles. First cycle 

discharge and charge capacities were observed to be 891 and 517 mAh g-1 with a first cycle loss 

of 58% at current density of 100 mA g-1. This capacity value is one of the highest reported for 

polysilazane-based anode materials. 34-38 For example, first reversible capacity of SiCN/BN 

hybrid composite is better than SiCN annealed at 1000 °C (456 mAh g-1), 36 C-rich SiCN (~263 

mAh g-1),37 SiCN-1300 °C (383 mAh g-1), 38 B-doped SiCN (~100 mAh g-1) 47 and SiCN/graphite 

(~474 mAh g-1).
49 The differential capacity curve showed first cycle lithiation peaks at 50 mV, 

150 mV, a weak plateau at ~700 mV, and a delithiation plateau at ~500 mV. From literature, the 

peak at 50 mV could be attributed to Li intercalation/adsorption in graphitic carbon32, 34 and the 

peak at 150 mV corresponds to interaction of Li in nanovoids or interaction with dangling bonds 

present at Si and C sites in the ceramic.32, 37, 47 The plateau at ~700 to 800 mV, present only in the 

first cycle, originated due to formation of passive solid electrolyte interface (SEI) on graphite. 

This plateau was common to all electrodes including ‘neat’ rGO electrode and data from the 

literature (see Supporting Information Figure S7 for voltage profiles of BP/rGO, and BN/rGO 

electrodes). The charge/discharge profile and corresponding differential capacity curves of 

SiCN/BNF/rGO and SiCN/BP/rGO paper electrodes are shown in Supporting Information Figure 

S8. Lithiation peaks were at 50 mV and ~600 mV with a corresponding delithiation peak at 200 

mV (similar to BN/rGO and BP/rGO differential capacity curves). From these results we deduce 
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that the capacity in SiCN/BN originates primarily from BN enhanced SiCN-based Li 

intercalation sites while it is not the same in other ceramics that we tested. This is even more 

evident from the first cycle discharge capacities which were at ~531 mAh g-1 and 347 mAh g-1 

for SiCN/BNF/rGO and SiCN/BP/rGO, respectively. Lower capacity values were observed in 

subsequent cycles because BN and boron particles have zero or negligible Li cyclability. 

With additional cycling (Figure 4c), SiCN/BN/rGO maintained high capacity at 474 mAh g-1 

(96% of initial capacity retained) which is higher than BN/rGO and SiCN/rGO with charge 

capacities of 67 and 154 mAh g-1, respectively, after 5 cycles at 100 mA g-1. Current density was 

gradually increased to 200, 400, 800, 1600 and 2400 mA g-1 for each five cycles consecutively. 

Importantly, SiCN/BN/rGO hybrid composite maintained its reversible capacity of 283 mAh g-1 

even at 2400 mA g-1. This capacity was 52% of the initial capacity. When the cells were cycled 

back at 100 mA g-1, all electrodes regained initial charge capacities at 449, 60, and 154 mAh g-1 

for SiCN/BN/rGO, BN/rGO, and SiCN/rGO, respectively. However, SiCN/BNF/rGO, 

SiCN/BP/rGO, and BP/rGO performances, shown in Supporting Information Figure S9, were 

lower than SiCN/BN/rGO. In order to test cell performance during long-term cycling, cells were 

cycled at 1600 mA g-1 during charge and discharge half cycles (see Figure 4d). SiCN/BN/rGO 

demonstrated stable and high charge capacity of ~62 mAh.g-1 than BN/rGO and SiCN/rGO 

anode at ~25 and 40 mAh g-1, respectively. All electrodes regained most of initial capacity when 

they were cycled at 100 mA g-1 after 1000 cycles. SiCN/BN/rGO was the best performing anode 

with a charge capacity of ~401 mAh g-1
 at 100 mA g-1 even after symmetric cycling at 1600 mA 

g-1 for 1000 cycles. Summary of the electrochemical data and comparison with recent literature 

(including graphite65 and rGO paper electrode66) is presented in Table 1. Further, Galvanostatic 

Intermittent Titration Technique (GITT) was performed to obtain the solid state Li-ion diffusion 
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coefficient (DLi+) of SiCN/BN electrode (Supporting Figure S10). The acquired DLi+ varied 

between approximately (10−10 to 1.4 x 10−12) cm2.s−1 and (3.9 x 10−10 to 2.6 x 10−11) cm2.s−1 during 

the insertion and extraction half, respectively. These values are comparable to SiBCN-CNT (~ 

10-9 to 10-12 cm2.s-1) 47 electrodes but lower than the chemical diffusivity of Li-ion in graphite. 67-68 

High charge capacity of SiCN/BN is attributed to the three-fold advantage associated with the 

addition of boron to SiCN matrix in the form of BN sheets: (1) possible neutralization of 

nitrogen atoms by boron. SiCN electrodes with higher nitrogen content typically demonstrates 

lower electrochemical performance, therefore, increased concentration of boron in SiCN 

neutralized some of the nitrogen dangling bonds in SiCN during pyrolysis, (2) sheet-like 

morphology, and (3) significant enhancement in electrical conductivity originating from 

increased C-C bonds of the SiCN/BN hybrid ceramic matrix compared to other PDC material 

pyrolyzed under similar conditions.47 

CONCLUSION 

Synthesis of a chemically integrated SiCN/BN layered composite is demonstrated for the first 

time. The composite shows electrical conductivity similar to conductivity of doped-silicon, 

which is several orders of magnitude higher than that of ‘neat’ SiCN prepared under similar 

conditions. Additionally, unlike its individual constituents, the SiCN/BN composite offers high 

electrochemical activity and stability toward lithium-ions with charge capacity reaching ~517 

mAh g-1 at 100 mA g-1 and ~283 mAh g-1 at 2400 mA g-1 with respect to total electrode weight. 

This behavior is attributed to the increased amount of –sp2 carbon in SiCN phase (observed only 

in presence of BN) that may have exceeded its percolation limit and provided necessary sites for 

reversible lithium adsorption. Facile synthesis and improved thermal, electrical and 
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electrochemical performance of SiCN/BN composite is expected to open new applications for 

PDCs and 2-D nanomaterial hybrids.   
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FIGURES 

 

 

FIGURE 1. Schematic showing polymer to ceramic conversion and simultaneous incorporation 

of BN sheets in SiCN matrix. (L to R): polysilazane precursor uniformly wets BN sheets when 

they are stirred together. As the mixture is heated in flowing N2, polysilazane cross-links at 

approximately 300 °C to form long chains connected by BN sheets. Further pyrolysis at 1000 °C 

forms BN sheets embedded with SiCN ceramic matrix. Inset shows SEM images of composite at 

various stages of processing. 
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FIGURE 2. (a through c): TEM images of as-obtained BN sheets, (d through i): as-synthesized 

SiCN/BN composite material. The insets show the SAED pattern obtained for the corresponding 

TEM image. SiCN/BN showed distinct pattern corresponding to BN. Scale bar is 50 nm. 
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FIGURE 3. (a) Bar chart of atomic percentage of elements present in SiCN/BN, SiCN/BNF and 

SiCN/BP composites obtained using XPS. (b) High-resolution XPS of B 1s, C 1s and N 1s peaks 

in SiCN/BN composites. (c) 11B NMR spectra showing B-N bonds in planar BN3 groups in case 

of SiCN/BN and SiCN/BNF and amorphous boron in SiCN/BP ceramic composites. (d) XRD 

comparison SiCN/BN, SiCN/BNF and SiCN/BP composites. Inset shows X-ray comparison of 

‘as-obtained’ BN powder and SiCN/BN composite. Characteristic BN peaks were clearly 

observed in SiCN/BN composite. (e) Thermogravimetric analysis plots of three composites 

proving SiCN/BN’s high thermal stability and oxidation resistance. (f) Electrical conductivity 

comparison of various SiCN PDCs specimen prepared in this study. rGO and BN are included to 

demonstrate the wide range in conductivity that can be achieved in these ceramics.  
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FIGURE 4. 1st and 2nd cycle (a) voltage profile and (b) differential capacity curve of 

SiCN/BN/rGO. (c) Charge capacity of SiCN/BN/rGO with BN/rGO and SiCN/rGO for 

comparison. Cells were cycled asymmetrically at increasing rates for every five cycles. (d) 
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Charge capacity when symmetrically at 1600 mA g-1
 for 1000 cycles and return to 100 mA g-1. 

Charge capacity of SiCN/BN was more than twice than the capacity of SiCN. 

   

TABLE 1 Summary of electrochemical cycling data for various electrodes used in this study and 

comparison with data from literature. NOTE: All electrodes in the present study were prepared 

with approximately 20 wt % rGO. Capacity values are with respect to total electrode weight. 

Electrode material 

1st Cycle 

charge,  

mAh g-1 

Capacity at 

max. current 

density tested, 

mAh g-1 

Max. 

number of 

cycles tested 

Charge 

capacity after 

1000 cycles at 

100 mA g-1 

SiCN/BN 475 ±42 * 283.2 (2400) 1020 400.8 

SiCN/BNF 262.4 100.8 (2400) 1020 202.4 

SiCN/BP 140 68.8 (2400) 1020 95.2 

SiCN 192 102.3 (2400) 1020 159.2 

BN 88.8 46.4 (2400) 1020 55.2 

BP 99.2 55.2 (2400) 1020 68 

SiCN-1000 °C 36 456 171 (100) 30 - 

SiCN-1100 °C37 263 100 (36) 50 - 

SiCN-1300 °C/O2
37 291 250 (72) 60 - 

SiCN-1100 °C38 254 95 (360) 10 - 

Si(B)CN-CNT47 362 430 (100) 30 - 

SiCN-Graphene49 420 440 (40) 50 - 

Graphite65 298 240 (50) 50 - 

rGO-500 °C66 292 180 (2400) 1020 190 

* Average of three samples. Refer supporting Information Figure S11 
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