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Abstract 19 

We study synthesis and electrochemical performance of molecular precursor-derived 20 

ceramic (PDC)/carbon nanotube-embedded graphene self-supporting composite papers as 21 

Li-ion battery and supercapacitor electrodes. The composite papers are prepared using 22 

vacuum filtration of PDC-graphene oxide (GO) dispersion, followed by thermal reduction at 23 

500 oC. Tested as Li-ion battery electrode, the composite papers deliver reversible capacity 24 

as high as 300 mAh g-1 (normalized with respect to total mass of electrode) with negligible 25 

capacity loss after 1000 charge/discharge cycles. Boron-doped silicon carbon nitride 26 

(Si(B)CN) outperforms its undoped counterpart (SiCN) in terms of rate capability, cyclic 27 

stability, and coulombic efficiency. Among the PDC materials analyzed, Si(B)CN-CNT-rGO 28 

demonstrates the lowest ohmic resistance and highest specific capacitance of 29 

approximately 269.52 F g-1 at a current density of 5 A g-1, making it a promising electrode 30 

material for electrochemical energy storage applications. 31 

Keywords: Polymer-derived ceramics; graphene; composite; electrodes; battery; 32 

supercapacitor 33 
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1. Introduction 39 

Increasing energy demands of the modern world have motivated research on development 40 

of lithium-ion batteries (LIBs) with high energy density, rate capability, and long cycle life. 41 

1–7 Traditionally, graphite has been the chosen anode material for LIBs because of its ability 42 

to store and release lithium (Li) between its layers with high cycling efficiency and 43 

relatively low volume changes. However, it falls short of today’s battery energy demands 44 

due to its limited theoretical specific capacity of approximately 370 mAh g-1 and a lower 45 

reversible capacity at higher current densities (approximately 70 mAh g-1 at 100 mA g-1). 8 46 

To this end, silicon (Si) has emerged as an attractive alternative because of its high 47 

theoretical gravimetric capacity of approximately 4200 mAh g-1 and relatively low 48 

discharge potential (approximately 0.5 V versus Li/Li+). 9–17 However, preliminary research 49 

of Si anodes has revealed its primary drawback to be the high volume expansion (as much 50 

as 400%) during lithiation, causing mechanical and electrical failure of the electrode with 51 

increasing number of cycles.18–23 Although several solutions based on Si-based 52 

nanostructures such as nanowires and nanoparticles and Si/C nanocomposites have been 53 

proposed, convincing results from a commercial and practical stand-point are yet to be. 24 54 

In the last decade, Si-based molecular precursor-derived ceramics (PDCs) (such as SiCN, 55 

SiAlCN, Si(B)CN etc.) have emerged as promising engineering materials for a number of 56 

applications. 25–31 This is mainly due to their high thermodynamic and chemical stability as 57 

a result of their amorphous structure, which consists of graphene-like carbon chains 58 

wrapped around 10–20 Å-size domains of silicon nitride or silicon carbide (in the case of 59 

SiCN ceramic). A relatively more intriguing and emerging property of PDCs is their ability 60 
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to reversibly store Li at potentials ranging from 0 to 2.5 V (vs Li/Li+), offering charge 61 

capacity that is more than twice the capacity of commercial graphite at high C-rates while 62 

maintaining similar coulombic efficiency. 32–40 Unlike crystalline Si-based anodes, PDCs also 63 

generally do not suffer from extreme volume changes due to their less dense (1.8–2.3 g cm-64 

3) and open amorphous structure. However, PDCs-based anodes may have other 65 

drawbacks such as: voltage hysteresis, high first-cycle loss, and decreasing capacity at high 66 

C-rate, which are generally attributed to their low electrical conductivity and presence of 67 

nanovoides, which act as trap for Li atoms. Efforts have been made in the past to improve 68 

the electrical conductivity in these materials by increasing the free carbon content in the 69 

ceramic by pyrolyzing the precursor at higher temperatures (>1000 °C), but that often 70 

leads to electrochemical capacity values similar to or worse than commercial graphite. In 71 

this context, boron-modified polymer-derived ceramics such as Si(B)CN are of interest 72 

because of their high electrical conductivity (as much as four orders of magnitude higher 73 

than SiCN) and robust nanodomain structure, which has a much higher thermodynamic 74 

stability than SiCN. 25, 41 Further, chemical interfacing of Si(B)CN with carbon nanotubes 75 

(CNTs) also leads to formation of a composite core-shell structure that may improve Li-ion 76 

diffusion into the ceramic at high charge/discharge rates, 42–46 act as structural buffer for 77 

large volume expansion of the ceramic during cyclic charging and discharging processes, 78 

and enhance the ceramic’s electrical conductivity and surface area. Finally, by embedding 79 

sheets of reduced graphene oxide (rGO) into the Si(B)CN-CNT ceramic, the interconnection 80 

between rGO and CNT could also reduce the electrode’s internal resistance due to 81 

formation of a conductive network that eases electronic transport. 47  82 
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In this work, we measured and compared the Li cyclic ability of Si(B)CN in two design 83 

configurations: PDC/graphene (Si(B)CN-rGO) and PDC-nanotube/graphene (Si(B)CN-CNT-84 

rGO), for more than 1000 electrochemical cycles, and also investigated the 85 

supercapacitance electrochemical properties of Si(B)CN-CNT-rGO due to its lower ohmic 86 

resistance compared to other PDCs. 87 

Unlike traditional electrode materials that use conducting agents, polymeric binders, and 88 

copper current collector foil (all of which contribute to approximately 10% of the total cell 89 

weight), these composite paper electrodes were self-supporting and were synthesized by 90 

vacuum filtration of dispersions consisting of active phase (PDC or PDC-nanotube) in 91 

graphene oxide (GO) in deionized (DI) water, followed by thermal reduction of GO to rGO. 92 

The rGO serves as a highly crumpled (porous), mechanically flexible and electrically 93 

conductive matrix for the active phase (i.e., PDC nanotubes or particles) in the LIB anode 94 

design and supercapacitor electrode.  95 

2. Experimental section 96 

2.1 Materials and Instrumentation  97 

Sodium nitrate (NaNO3, 99.2%), potassium permanganate (KMnO4, 99.4%), sulfuric acid 98 

(H2SO4, 96.4%), hydrogen peroxide (H2O2, 31.3% solution in water), hydrochloric acid (HCl, 99 

30% solution in water), and ethanol (C2H5OH, 99.9%) were purchased from Fisher 100 

Scientific. Trimethyl borate reagent (99.9%) was purchased from Sigma Aldrich, and 101 

Poly(ureamethylvinyl)silazane (CerasetTM) was purchased from Ceraset, Clariant. All 102 

materials were used as received without further purification. 103 
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Scanning electron microscopy (SEM) of the synthesized material was carried out on a Carl 104 

Zeiss EVO MA10 system with incident voltage of 5–30 KV. Transmission electron 105 

microscope (TEM) images were digitally acquired using a Phillips CM100 operated at 100 106 

KV. Surface chemical composition was studied using X-ray photoelectron spectroscopy 107 

(XPS) (PHI Quantera SXM) with monochromatic Al Kα X-radiation.  The oxidative stability 108 

and effects of annealing of the composites was studied using Thermogravimetric Analysis 109 

(TGA) (Shimadzu 50 TGA). About 2.5 mg of the samples being analyzed were heated in a 110 

platinum pan at a heating rate of 10 oC min-1 in air flowing at 10 ml min-1. 111 

2.2 Preparation of graphene oxide  112 

Modified Hummer’s method was used to make GO. 48, 49 Typically, concentrated H2SO4 (130 113 

mL) was added to a mixture of graphite flakes (3 g) and NaNO3 (1.5 g). Then, the mixture 114 

was cooled using an ice bath. KMnO4 was added slowly to this mixture for 12 h at 50 °C. The 115 

mixture was then quenched with water (400 mL) containing 30% H2O2 (3 mL) while in the 116 

ice bath such that the temperature does not exceed 20 °C. The remaining material was 117 

washed twice in succession with 200 mL of water, 200 mL of 30% HCl, and 200 mL of 118 

C2H5OH. Afterwards, the purified material was coagulated with 200 mL of ether (Fisher 119 

Scientific) and filtered through a paper filter. The filtrate was dried overnight to obtain dry 120 

GO. 121 

2.3 Preparation of Si(B)CN-CNT, SiCN-CNT, and Si(B)CN  122 

Synthesis of Si(B)CN−CNT composite was performed similarly to other PDC−CNT 123 

composites described in the literature. 46, 50 Briefly, 1 g of multi-walled carbon nanotubes 124 
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(MWCNTs) (C150 HP, Bayer AG) was dispersed in 1 g L−1 sodium dodecyl benzene sulfonic 125 

acid (NaDDBS) (Sigma Aldrich) aqueous solution, followed by sonication for 1 h to remove 126 

unwanted agglomerations. The dispersed nanotubes were then washed repeatedly with DI 127 

water to eliminate excess NaDDBS and related impurities, followed by slow drying that 128 

yielded a dry CNT mass. These dried nanotubes (approximately 1 g) were dispersed in 129 

toluene (125 mL) (99.8%, Macron Fine ChemicalsTM) for further functionalization with the 130 

Si(B)CN polymeric precursor. Commercially sourced poly(ureamethylvinyl)silazane 131 

(CerasetTM) was modified using trimethyl borate reagent. The precursor was then slowly 132 

added and stirred in the 5 wt. % CNT dispersed in toluene. After stirring the mixture for an 133 

approximate duration of 24 h, it was dried in an inert atmosphere at 80 °C. The dried 134 

mixture was then transferred to a tube furnace where it was heated to 400 °C for 90 min 135 

for cross-linking of the precursor, followed by pyrolysis at 1000 °C for 5 h in a nitrogen 136 

(N2) atmosphere at 5 °C min−1 heating and cooling rates to yield Si(B)CN−CNT composite. 137 

The same procedure used to synthesize Si(B)CN−CNT composite was adapted to synthesize 138 

SiCN-CNT, with the exception that only poly(ureamethylvinyl)silazane (CerasetTM) was 139 

used as the polymeric precursor. 140 

The Si(B)CN powder specimen was prepared according to standard procedures described 141 

in the literature. 46 Briefly, liquid Ceraset modified with trimethyl borate reagent was cross-142 

linked in a vertical tube furnace at approximately 300 °C in N2 for 4 h, resulting in an 143 

infusible mass that was ball-milled for 2 h and pyrolyzed at 1000 °C for 5 h in N2, resulting 144 

in a fine black Si(B)CN powder. 145 

 146 
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2.4 Preparation of composite paper 147 

10 mL colloidal suspension of GO in 1:1 (v/v) water was made by sonication for 10 min, 148 

and then 60 wt. % active material in 10 mL of isopropanol (ISP) (Fisher Scientific) was 149 

added to this solution, which was further sonicated for 60 min. The composite suspension 150 

was then filtered via vacuum filtration though a 10 µm filter membrane. The composite 151 

paper obtained was carefully removed from the filter paper and dried. This dry paper then 152 

underwent reduction by heat treatment in a tube furnace at 500 °C under argon 153 

atmosphere for 2 h. The thermal reduction process resulted in the conversion of GO to rGO 154 

with approximately 50% weight loss due to loss of hydroxyl and carboxyl groups. 51 155 

Therefore, in the thermally reduced composite paper, the ratio of active material to rGO 156 

was approximately 80:20 by weight. The active material here refers to SiCN-CNT, Si(B)CN, 157 

Si(B)CN-CNT in SiCN-CNT-rGO, Si(B)CN-rGO, and Si(B)CN-CNT-rGO, respectively. The 158 

pyrolyzed paper was used as working electrode for LIB half-cells and supercapacitors.  159 

2.5 LIB cell assembly and testing  160 

Coin-cell assembly comprising of Li half-cell batteries were made by punching circles with 161 

diameters of 14.3 mm out of the composite paper for use as working electrodes. Since the 162 

electrodes were free-standing, they were not calendared before use. The total electrode 163 

mass loading varied from approximately 1.6 to 3.0 mg cm-2. Five drops of electrolyte 164 

solution of 1M Lithium hexafluorophosphate (LiPF6) (Alfa Aesar) were dissolved in (1:1 165 

v/v) dimethyl carbonate (Sigma Aldrich): ethylene carbonate (Sigma Aldrich) (ionic 166 

conductivity 10.7 mS cm-1), and a 25 µm thick (19 mm diameter) glass separator soaked in 167 

electrolyte was placed between the working electrode and pure Li metal (14.3 mm 168 
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diameter, 75 µm thick), acting as a counter electrode. Washer, spring, and a top casing were 169 

placed on top to complete the assembly before crimping. The entire procedure was carried 170 

out in an argon-filled glovebox. 171 

Electrochemical performance of the assembled coin cells was tested using a multichannel 172 

BT2000 Arbin test unit sweeping between 2.5 V to 10 mV vs Li/Li+ using a specified cycle 173 

schedule. In the asymmetric mode, Li was inserted at 100 mA g-1 (considering the total 174 

weight of the electrode), while the extraction was performed at increasing current 175 

densities of 100, 200, 400, 800, 1600, and 2400 mA g-1 for five cycles each, returning to 100 176 

mA g-1 for the next 10 cycles. In the symmetric mode, all cells were subjected to symmetric 177 

cycling at a current density of 1600 mA g-1 for up to 1000 cycles, returning to 100 mA g-1 for 178 

the last 10 cycles. 179 

2.6 Supercapacitance electrochemical measurement 180 

The electrochemical performance of the free-standing electrode materials were tested 181 

using a two-electrode setup on a CHI660E (CH Instruments, Inc.) electrochemical 182 

workstation in 6M potassium hydroxide (KOH, 87.2%, Fisher Scientific) aqueous 183 

electrolyte at room temperature. The electrode cell configuration was comprised of a pair 184 

of 1 cm2 of the active material, each weighing 1.1 mg. Both pairs were sandwiched between 185 

a Whatmann filter paper pretreated in the electrolyte. Electrochemical impedance 186 

spectrum (EIS) of the materials was analyzed with an alternating voltage of 5 mV 187 

amplitude in a frequency range of 1 MHz to 10 mHz at open circuit potential (OCP). Based 188 

on experimental results, only Si(B)CN-CNT-rGO was subjected to further analysis. The 189 
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cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) of Si(B)CN-CNT-rGO 190 

were tested in a potential range of 0–0.6 V at various current densities. 191 

3. Results and discussion 192 

SEM images of ball-milled Si(B)CN, SiCN-CNT, and Si(B)CN-CNT are shown in Fig. S1 (a)–193 

(c). Average particle size for SiCN-CNT was 1–5 µm, while that of Si(B)CN and Si(B)CN-CNT 194 

were approximately 5–10 µm. These particles were mixed with GO which was dispersed in 195 

ISP/DI water (1:1) and sonicated for 30 min to form a uniform dispersion. By varying the 196 

volume of the composite dispersion, the thickness and loading of the resulting free-197 

standing paper electrode can be controlled. 198 

Fig. 1(a) illustrates the schematic of the synthesis procedure. These papers were reduced in 199 

argon to convert GO, an electrically non-conducting material, to electrically conducting rGO. 200 

Fig. S2 shows the SEM images of (a) Si(B)CN, (b) SiCN-CNT, and (c) Si(B)CN-CNT free-201 

standing composite paper. From Fig. S2, the pore size of the free-standing electrodes varied 202 

from 2 to 10 µm while the calculated porosity was in the range of 70 to 80%. The cross-203 

sectional views of the aforementioned materials are shown in Fig. 1 (b)–(d). The resulting 204 

particles were uniformly sandwiched between individual graphene sheets during the 205 

vacuum filtration process, which results in the formation of a porous, thin, light-weight, 206 

mechanically strong, and self-supporting paper. The average paper thickness of these 207 

composites was determined to be approximately 20–40 µm. The images show small (1–10 208 

µm) PDC particles covered with large (10–50 µm) GO sheets. Corresponding TEM images in 209 

Fig. 1 (e)–(g) confirmed the observations from the SEM imaging. The high resolution TEM 210 

images from Fig. 1 (e)–(g) show the SiCN and Si(B)CN coating on nanotubes and their 211 
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uniform distribution in the rGO matrix. The insert in Fig. 1(e) shows the selected area 212 

electron diffraction (SAED) pattern obtained from the respective points in the image. Spot 213 

1 shows a hexagonal spot pattern indicating that the hexagonal spot pattern was preserved 214 

in the lattice after thermal reduction. Spot 2 indicates a pattern that is typical to an 215 

amorphous material, specifically Si(B)CN particle. XPS was used to characterize the starting 216 

material and composite papers (Fig. S3 (a)-(b)). Silicon (Si2s, Si2p), oxygen (O1s, O2s), and 217 

carbon (C1s) peaks present in the ceramic were also observed in the composite papers. 218 

Because XPS is a surface analysis technique, the presence of rGO in the free-standing paper 219 

resulted in increase in carbon content in the elemental composition (supplementary Table 220 

S1) and decrease in boron content in Si(B)CN, Si(B)CN-CNT and  Si(B)CN-CNT-rGO. The XPS 221 

spectrum of rGO is presented in Fig. S3 (c). As expected, the amount of oxygen 222 

functionalities in rGO had reduced to 16 wt. % after annealing. Based on this observation, it 223 

can be inferred that amount oxygen functionalities in Si(B)CN-CNT-rGO would reduce. The 224 

reduction in the amount of oxygen functionalities in the composite is desirable; as previous 225 

studies have shown that high rate capability and low first-cycle loss has a negative 226 

correlation with the amount of oxygen functionalities in LIBs. 52 227 
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 228 

Fig. 1. (a) Schematic showing the synthesis of free-standing composite paper. SEM cross-229 

sectional images of (b) Si(B)CN, (c) SiCN-CNT and (d) Si(B)CN-CNT of the free-standing 230 

composite paper. (e)–(g) TEM images of composite paper corresponding to SEM images 231 

above. Scale bar is 20 micrometers for (b) through (d). 232 

The loading of active materials in the composite was inferred from Thermo-gravimetric 233 

Analysis (TGA) in flowing air at 20-900 oC. Si(B)CN is stable in air up to at least 900 oC. 234 

While rGO and CNT tends to burn at ~500 and 600 oC, respectively (as shown in Fig. S4) the 235 

active material (Si(B)CN-CNT) tends to burn at a higher temperature (~715 oC ) with ~ 236 

74% of its weight remaining after pyrolysis. The stability of Si(B)CN-CNT can be credited to 237 

the presence of Si(B)CN ceramic. 238 
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Fig. 2 shows the voltage charge-discharge profiles for (a) SiCN-CNT-rGO and (b) Si(B)CN-239 

CNT-rGO composite paper electrodes. The SiCN-CNT-rGO composite electrode showed 240 

electrochemical discharge and charge capacity of ~712 mAh g-1electrode and ~342 mAh g-241 

1electrode with relatively low first-cycle loss (48%). However, Si(B)CN-CNT-rGO composite 242 

paper had first-cycle discharge and charge capacities of approximately 567.4 and 247 mAh 243 

g-1electrode respectively.  244 
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 245 

Fig. 2. 1st, 2nd and 1010th cycle voltage profile for (a) SiCN-CNT-rGO and (b) Si(B)CN-CNT-246 

rGO paper electrodes, (c) Charge capacity of all electrodes asymmetrically cycled at 247 

different rates along with their cyclic efficiencies, and (d) Charge capacity of all electrodes 248 

symmetrically cycled at 1600 mA g-1 electrode for 1000 cycles. 249 
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When these electrodes were further cycled with increasing current density, a slight drop in 250 

charge capacity was observed, as shown in Fig. 2(c). At 2400 mA g-1, Si(B)CN-rGO paper 251 

capacity dropped to ~146 mAh g-1 electrode, which is ~66% of its reversible charge capacities 252 

at 100 mA g-1. The SiCN-CNT-rGO composite paper electrode was the poorest performing 253 

electrode, with only ~73 mAh g-1electrode (26% retention) charge capacity at 2400 mA g-1, 254 

while Si(B)CN-CNT-rGO maintained most of its charge capacity at 211 mAh g-1electrode (82% 255 

retention). When the cells were cycled back at 100 mA g-1, all the cells regained their initial 256 

charge capacities at 218, 275, and 307 mAh g-1electrode for Si(B)CN-rGO, SiCN-CNT-rGO, and 257 

Si(B)CN-CNT-rGO, respectively. Compared to Si(B)CN-CNT, other PDC-based electrodes 258 

reported in the literature, such as SiCN, had first-cycle reversible capacity of 13 mAh g-1, 259 

while the MWCNT had first-cycle charge capacity of 210 mAh g-1.53, 54 In order to test cell 260 

performance during long-term cycling, the cells were cycled at 1600 mA g-1 during both 261 

charge and discharge half cycles (Fig. 2(d)). Si(B)CN-CNT-rGO had a marginally higher 262 

charge capacity at ~52 mAh g-1 than Si(B)CN-rGO electrode at ~40 mAh g-1, while the SiCN-263 

CNT-rGO cell had no capacity. The Si(B)CN-CNT-rGO electrode cycled with a capacity loss of 264 

only 10 % over 1000 cycles. With the exception of SiCN-CNT-rGO, all the other cells 265 

regained most of their initial capacity when they were cycled at a current density of 100 266 

mA g-1 after 1000 cycles. Si(B)CN-CNT-rGO was the best-performing electrode with a 267 

charge capacity of 285 mAh g-1electrode (93% retention) at 100 mA g-1 after 1000 cycles at 268 

1600 mA g-1 during both discharge and charge half cycles. A summary of the properties of 269 

the tested electrodes and their performance in relation to some other PDC electrode 270 

materials being reported in literature is presented in Table 1.  271 

 272 
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So far, boron-doped SiCN composites displayed a higher charge capacity at higher currents 273 

than their undoped counterpart. This is in agreement with previous studies that have 274 

shown that boron doping specifically improves the charge capacity of SiCN-based PDCS. 41 275 

Also, the reinforcement of the Si(B)CN with CNT and rGO is expected to improve its thermal 276 

and chemical stability without compromising the mechanical strength and porosity 277 

required for applications involving higher charge retention and cyclic performance. 278 

Previous studies on PDC electrodes have shown that voltage hysteresis during Li extraction 279 

may be influenced by the amount of residual hydrogen atoms in the ceramic. 55  Based on 280 

previous studies, the hydrogen content in PDC composites pyrolyzed at 1000 oC is expected 281 

to be low (< 1 wt. %). For instance, 0.25-0.3 wt. % and less than 1 wt. % have been reported 282 

for SiOC 51 and SiCN-based PDCs 56, 57, respectively. More so, the amount of hydrogen in rGO 283 

annealed at 200C is is reported to be approximately 0.6 wt. % 58 and therefore, thermal 284 

reduction at 500 oC (in the present study) will amount to even lower residual hydrogen. 285 

Hence, the contribution of hydrogen towards the charge capacity and cyclability of the 286 

composite paper electrode may be discounted. 287 

 288 

 289 

 290 

 291 

 292 
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Table 1 Comparison of properties of Si(B)CN-rGO, SiCN-CNT-rGO, and Si(B)CN-CNT-rGO 293 

free-standing paper 294 

Electrode 
type 

Specimen 

Charge 
capacity 
after "n" 

cycles mAh 
g-1 active material 

Charge 
capacity and 

efficiency 
after "n" 

cycles mAh g-1 

electrode 

Average 
columbic 
efficiency 
after “n” 
cycles, % 

Charge 
capacity 

after 
1010 
cycles 

(mAh g-1) 

Electrical 
conductivity 

(S cm-1) 

Free-
standing 

Si(B)CN-rGO 245 (35) 196, 98 (35) 99.2 (1010) 268 0.29 

SiCN-CNT-rGO 275 (35) 220, 98 (35) 95.6 (1010) 197 0.27 

Si(B)CN-CNT-
rGO 

368 (35) 294, > 99 (35) 99.7 (1010) 357 0.35 

C-rich SiOC 150 (30) N/A  N/A  

Traditional 

MWCNTs 50 220 (20) N/A  N/A  

SiCN-1100 46 25 (30) 3.2 (30)  N/A  

Si(B)CN-CNT 46 412 (30) 66.29 (30)  N/A  

Further characterization of the free-standing papers involved electrical conductivity 295 

measurements using a four-point measurement technique. Conductivity data presented in 296 

Table 1 shows Si(B)CN-rGO, SiCN-CNT-rGO, and Si(B)CN-CNT-rGO papers had conductivity 297 

of 0.29, 0.27, and 0.35 S cm-1, respectively. The improved conductivity can be attributed to 298 

the addition of boron to SiCN microstructure 41 and the incorporation of CNT to form a 299 

primary conductive path at the molecular level. 47 These factors, combined with the 300 

presence of a conducting rGO network at the macro level, more significantly influenced the 301 

cyclic performance of Si(B)CN-CNT-rGO than synthesized PDC, since electron conductivity 302 

is essential for efficient Li-ion cycling. 303 

Page 17 of 31 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

 304 

Fig. 3. Digital camera image of (a) Si(B)CN, (b) SiCN-CNT, and (c) Si(B)CN-CNT free-305 

standing composite electrodes after cycling. Corresponding SEM images obtained in the 306 

lithiated state after being cycled for 1020 cycles. Scale bar is 40 and 10 micrometers for 307 

(d)–(f) and (g)–(i), respectively. 308 

The cells were eventually disassembled in a lithiated state in order to study the change in 309 

morphology and chemical structure of the tested PDC due to cycling for more than 1000 310 

cycles. Fig. 3 shows an optical photograph (Fig. 3(a)–(c)), low resolution SEM image (Fig. 311 

3(d)–(f)), and high-resolution SEM image (Fig. 3(g)–(i)) of the lithiated electrode materials. 312 

Remarkably, all electrode specimens remained intact with no large or micro surface cracks. 313 

Page 18 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

Furthermore, a stable solid electrolyte interface (SEI) layer formation and the presence of 314 

glass fiber separator were also observed.  315 

The synthesized PDCs were tested in a two-electrode setup in order to investigate the 316 

electrochemical properties of the free-standing electrodes as supercapacitors. The Nyquist 317 

plot obtained from EIS is shown in Fig. 4. The high frequency intercept of real impedance 318 

axis, which corresponds to electrode-electrolyte interfacial resistance due to electronic and 319 

ionic contribution of Si(B)CN-rGO and Si(B)CN-CNT-rGO were identical (0.34 Ω), while that 320 

of SiCN-CNT-rGO was slightly higher (0.73 Ω), which suggests its electrical conductivity is 321 

lesser due to zero-doping. Among the electrode materials being tested, only Si(B)CN-CNT-322 

rGO showed an almost perfect semicircle at higher frequency, indicating it had the lowest 323 

charge-transfer resistance (approximately 2.7 Ω). Therefore, it could be inferred that the 324 

interaction of the Si(B)CN-CNT-rGO electrode with the electrolyte promotes adhesion and 325 

ion transport to its surface. Also, the shortening of electrons mean-free path due to the 326 

conductive network formed between rGO and CNT further enhances the transport of 327 

charges within the matrix of Si(B)CN-CNT-rGO during charging and discharging process. 47 328 

The Nyquist plot slopes in the low frequency region indicates a purely capacitive behavior 329 

due to the Warburg impedance which arises from ion diffusion frequency dependence and 330 

transport in the electrolyte. 59, 60 As shown in the insert of Fig. 4, Si(B)CN-CNT-rGO displays 331 

a purely capacitive behavior in a frequency range of 146.5–0.1778 Hz. Beyond this 332 

frequency range (> 0.1778 Hz), the Nyquist plot slope gradually deviates from purely 333 

capacitive behavior and becomes similar to that of Si(B)CN-rGO. 334 
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 335 

Fig. 4. Nyquist plot for Si(B)CN-rGO, SiCN-CNT-rGO, and Si(B)CN-CNT-rGO electrodes. 336 

Because Si(B)CN-CNT-rGO demonstrated superior electrochemical performance (as 337 

suggested from previous experiment), cyclic voltammetric and chronopotentiometric 338 

analysis were carried out to elucidate its electrochemical properties as a supercapacitor. 339 

Fig. 5(a)–(b) shows the CV and GCD curves of Si(B)CN-CNT-rGO at different scan rates and 340 

current densities using 6 M KOH aqueous electrolyte in a two-electrode setup. The CV 341 

curves showed a quasi-rectangular shape with increasing area at higher scan rates, 342 

indicating good capacitive behavior and reversibility. At a scan rate of 2 mVs-1, a broad 343 

pseudo-reduction peak at a potential of 0.37 V was observed, suggesting the masking of 344 

impurities in rGO by CNT at high scan rates as reported in the literature. 61 The GCD curve 345 

shown in Fig. 5(b) indicates favorable diffusion and adsorption of the electrolyte’s ion onto 346 

large areas of the porous electrode material which results in an increase in its 347 

electrochemical performance as  348 
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 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

Fig. 5. (a) CV measurement of Si(B)CN-CNT-rGO at different scan rates, (b) GCD plots of 362 

Si(B)CN-CNT-rGO recorded at different current densities, (c) cyclic stability test of Si(B)CN-363 

CNT-rGO for 1000 cycles at a current density of 5 A g-1 in a potential range of 0–0.6 V (inset 364 

shows charge-discharge curves at the last cycle). 365 

an energy storage material. 62, 63 Specific capacitance of Si(B)CN-CNT-rGO was calculated 366 

from the slope of its GCD curve using the following expressions: 367 
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 368 

Cs = 2I / (m x Slope)     (1) 369 

Slope = ΔV/Δt        (2) 370 

Where Cs, I, m, ΔV, and Δt represent the specific capacitance (F g-1), applied current (A), 371 

mass of a single electrode (g), potential window (V) excluding the iR drop during the 372 

discharge process and discharge time(s) respectively. 373 

The calculated specific capacitance gave an initial value of 269.02 F g-1 (based on the mass 374 

of single electrode) at a current density of 5 A g-1. When the cell was subjected to a cycle 375 

test of 1000 seconds at same current density, its specific capacitance retention maintained 376 

an average value of 127.46 F g-1 (66.32 %) (Fig. 5(c)), which was higher than previous 377 

capacitance of graphene and CNT-based supercapacitors 64, 65 and lower than that reported 378 

by some researchers. 66, 67 The gravimetric capacitance of some ceramic-based 379 

supercapacitor electrodes found in the literature are compared in Table 2. 380 

Table 2 Gravimetric capacitance of some carbon-based supercapacitors in comparison to 381 

present work 382 

Materials Electrolytes 
Voltage window 

(V) 

Current 
density/ Scan 

rate 

Specific 
Capacitance (F g-1) 

Ref. 

SiOCDC 
1 M TEA-BF4 in 

acetonitrile 
-2 to +2  5 A g-1 110  68 

SiOCDC 5 M KOH 0.2 to -1.0  1 A g-1 148 69 

SiOCDC 
1 M TEA-BF4 in 

acetonitrile 
-1 to +1  10 mVs-1 135  70 

SiCDC 
1 M TEA-BF4 in 

acetonitrile 
0 to +2  0.1 A g-1 170  71 

Si(B)CN-CNT-
rGO 

6 M KOH 0 to +6  5 A g-1 269.02  
Present 

work 

The obtained value was as expected because the synthesized Si(B)CN-CNT-rGO was a free-383 

standing electrode, devoid of current collectors and other additives (e.g., binders and 384 
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conducting materials) that could obscure its true capacitance value. Based on preliminary 385 

study results, Si(B)CN-CNT-rGO is a promising material for energy storage applications. 386 

4. Conclusions 387 

We demonstrated the preparation of PDC-CNT-rGO free-standing paper and studied its 388 

electrochemical performance as a self-supporting electrode for LIB half-cell and 389 

supercapacitor. Among the synthesized PDCs, Si(B)CN-CNT-rGO nanocomposite proved to 390 

be the best material with a stable asymmetric cyclic performance, a charge capacity of 206 391 

mAh g-1electrode (82% of the initial capacity retained) even at a current density of 2400 mA g-392 

1. At a current density of 1600 mA g-1, the cell remained stable for 1000 cycles with charge 393 

capacity of 52 mAh g-1electrode with 100% cyclic efficiency. Further SEM analysis showed that 394 

the electrodes were intact with no visible mechanical damage, even after being cycled for 395 

more than 1000 cycles. As an electrode material for a supercapacitor, a maximum specific 396 

capacitance of 231.67 F g-1 at a current density of 5 A g-1 was recorded in a 6 M KOH 397 

electrolyte over a voltage window of 0–0.6 V. It is believed that the enhanced 398 

electrochemical properties of the Si(B)CN-CNT-rGO electrode is due to boron doping which 399 

enhances is conductivity. Also, the inclusion of CNT and rGO into the structure of the 400 

electrode material further promotes the electrochemical property of the material by 401 

enhancing its porosity and providing a conductive path which shortens electrons mean-402 

free path during charging and discharging processes.  Given the possibility of tailoring the 403 

properties of PDC-CNT-rGO, robust and clean energy storage materials that will find use as 404 

free-standing electrode materials for both LIBs and supercapacitors could be developed. 405 

 406 
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Abstract 

We study synthesis and electrochemical performance of molecular precursor-derived 

ceramic (PDC)/carbon nanotube-embedded graphene self-supporting composite papers as 

Li-ion battery and supercapacitor electrodes. The composite papers are prepared using 

vacuum filtration of PDC-graphene oxide (GO) dispersion, followed by thermal reduction at 

500 oC. Tested as Li-ion battery electrode, the composite papers deliver reversible capacity 

as high as 300 mAh g-1 (normalized with respect to total mass of electrode) with negligible 

capacity loss after 1000 charge/discharge cycles. Boron-doped silicon carbon nitride 

(Si(B)CN) outperforms its undoped counterpart (SiCN) in terms of rate capability, cyclic 

stability, and coulombic efficiency. Among the PDC materials analyzed, Si(B)CN-CNT-rGO 

demonstrates the lowest ohmic resistance and highest specific capacitance of 

approximately 269.52 F g-1 at a current density of 5 A g-1, making it a promising electrode 

material for electrochemical energy storage applications. 

 

Page 31 of 31 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


