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We demonstrate synthesis and electrochemical performance of polymer-derived silicon oxycarbide-

carbon nanotube (SiOC-CNT) composites as a stable lithium intercalation material for secondary 

battery applications. Composite synthesis was achieved through controlled thermal decomposition of 

1,3,5,7-tetramethyl 1,3,5,7-tetravinyl cyclotetrasiloxane (TTCS) precursor on carbon nanotubes 

surfaces that resulted in formation of shell/core type ceramic SiOC-CNT architecture. Li-ion battery 

anode (prepared at a loading of~ 1.0 mg cm-2) showed stable charge capacity of 686 mAh g-1 even 

after 40 cycles. The average coulombic efficiency (excluding the first cycle loss) was 99.6 %. Further, 

the post electrochemical imaging of the dissembled cells showed no apparent damage to the anode 

surface, highlighting improved chemical and mechanical stability of these composites. Similar trend 

was observed in the rate capability tests, where the SiOC-CNT anode (with 5 wt.% loading in TTCS) 

again showed stable performance, completely recovering the first cycle capacity of ~ 750 mAh g-1 

when the current density was brought back to 50 mA g-1 after cycling at higher current densities.  

 

KEYWORDS: Polymer-derived ceramic; SiOC; coulombic efficiency; nanotechnology; energy 

storage 
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INTRODUCTION 

A variety of silicon-based composites are currently being explored as negative electrode materials for 

lithium ion secondary batteries due to silicon’s high lithium alloyability. 1-4 However, one major issue 

or limiting factor with silicon-based anodes is the large amount of volume changes associated with 

insertion and extraction of lithium-ions as the battery is charged/discharged. This results in 

pulverization (amorphization), cracking (exposing new silicon surface to solvent ions, resulting in 

formation of an unstable passivating film) and eventual failure of the electrode (due to loss of 

electrical contact between active material and current collector). To mitigate these effects, several 

unique hybrid chemistries (that include Si/graphene and Si/carbon nanocomposites) and novel anode 

architectures (vertically aligned nanowires and core/shell structures) have been proposed that have 

improved electrochemical cycling in these materials for up to hundreds of cycles. 5-9 Nonetheless, 

these nanocomposite anodes (or batteries) usually have low absolute capacities as the amount of 

active material in the anode has been low (approximately 0.02 to 0.1 mgcm-2) and therefore may not 

be suitable for powering hybrid vehicles or other large devices that require more power and energy (in 

other words, applications requiring thicker anode).10-11 

High temperature glass ceramics prepared from thermal decomposition of certain organosilicon 

polymers (such as polysiloxanes, polysilazanes etc.) have been shown to possess many functional 

properties including their high temperature thermal and chemical stability. 12-16 A more interesting and 

recently discovered behavior is their ability to cycle lithium at potentials ranging from 0 to 3 V 

(versus Li/Li+). Recent reports suggest that this behavior could be due to their “open” amorphous 

structure which predominantly consists of ~(1 to 2) nm size domains of silica wrapped by graphitic 

carbon chains. 16 Presence of nanovoids along with silicon and carbon dangling bonds could also 

provide ample sites for Li-insertion. 17-18 Unfortunately, the Si/O/C family of polymer-derived 

ceramics (PDCs) that shows high Li-intercalation capacity is also the one that is electrically 

insulating, which ultimately results in poor charge transfer characteristics and voltage hysteresis. 17-21  

One way to improve the electrochemical performance of Si-O-C based anodes would be to interface 

the starting polymeric precursor with conducting fillers such as carbon nanotubes (CNTs), which up 

on pyrolysis would result in electrical conducting and mechanically robust ceramic-CNT shell/core 
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composite, thereby improving rate capability and resistance to fatigue associated with repeated 

cycling of Li-ions (particularly for thicker anodes), respectively. Moreover, introduction of CNTs 

(weight density ~2.3 g cm-3) in to SiOC is not likely to affect the overall density of the composite 

since SiOC weight density also lies in the same range (~1.8 to 2.3 g cm-3), thanks to its “open” 

amorphous structure. 22 Hence, in order to test this hypothesis we synthesized core-shell SiOC-CNT 

composite structure (with varying shell thickness) and studied its electrochemical performance as an 

active anode material in a Li-ion half-cell. Determination of appropriate amount of CNTs in the 

composite was important as excess amounts of CNTs can result in undesirably high irreversibility, 

which is typically associated with trapping of Li-ions in-between the concentric CNT walls. 23-24  

Material Preparation. Synthesis of SiOC-CNT composite was performed in a manner similar to 

other PDC-CNT composites described in our recent work. 25-28 Briefly, the ‘as-obtained’ 1 gram of 

MWCNTs (C150 HP, Bayer AG) were dispersed in 1 gram L-1 sodium dodecyl benzene sulfonic acid 

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

agglomerations. The dispersed nanotubes were then washed repeatedly with DI water to eliminate any 

excess NaDDBS or related impurities, followed by slow drying that yielded a dry CNT mass.  
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Figure 1: Schematic displaying the stepwise procedure for synthesis of SiOC (shell)-CNT (core) 

composite. TTCS is the polymeric precursor for SiOC ceramic. 

 

These dried nanotubes (approximately 1 g) were then dispersed in toluene (125 mL) for further 

functionalization with the SiOC polymeric precursor. A mix of commercially sourced 1,3,5,7-

tetramethyl 1,3,5,7-tetravinyl cyclotetrasiloxane (TTCS) (Gelest) with 1 wt. % dicumyl peroxide 

(Sigma Aldrich) was then slowly added (predetermined based on MWCNT to TTCS ratio) and stirred 

in the CNT-toluene dispersion (shown with the help of a schematic in Fig. 1). After stirring the mix 

for approximately 24 h, it was dried in inert atmosphere at 80 °C. The dried mix was then transferred 

to a tube furnace where it was heated to 400 °C for 4 h for cross-linking of the precursor, followed by 

a pyrolysis at 1000 °C for 5 h in argon atmosphere at 5 °C min-1 heating and cooling rates to yield 

SiOC-CNT composite (Fig. 1).   Three specimens with 5, 8 and 10 wt. % of CNTs in TTCS were 

prepared; these specimens are labeled as SiOC-CNT-5, SiOC-CNT-8, and SiOC-CNT-10, 

respectively. 
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While the SiOC powder specimen was prepared following standard procedures described in the 

literature16. Briefly, liquid TTCS was cross-linked in a vertical tube furnace at approximately 300 °C 

in argon for 4 h resulting in an infusible mass, which was ball milled for 2 h and pyrolyzed at 1000 °C 

for 5 h in Ar resulting in a fine black SiOC powder. 

 

EXPERIMENTAL PROCEDURES 

Scanning electron microscopy (SEM) imaging of SiOC-CNT composite bulk and anode specimens 

was performed by use of a 10 kV Carl Zeiss EVO Low-Vacuum SEM. Transmission electron 

microscopy (TEM) was carried out using 100 kV Philips CM 100. Fourier Transform Infrared (FT-

IR) spectra were collected using liquid nitrogen cooled Thermo-Nicolet Nexus 870 FT-IR 

spectrometer in the diffuse reflectance mode. The crushed powder specimens were mixed with KBr 

powder, prior to collecting spectra. X-ray diffraction (XRD) was performed by use of Bruker D8 

Advance powder X-ray diffractometer operating at room temperature, with Cu Kα radiation and 

nickel filter. The pyrolyzed samples were finely crushed with mortar and pestle for analysis. 

Thermogravimetric analysis (TGA) was performed by use of Shimadzu 50 TGA (limited to 1000 °C). 

Sample weighing, approximately 5 mg, was heated in a platinum pan at a rate of 10 °C min-1 in air 

flowing at 20 mL min-1. Electrochemical characterization of the assembled coin cells was carried out 

using multichannel Battery Test setup (Arbin-BT2000) at atmospheric conditions.  

Half-cell assembly and testing. The synthesized composites were crushed (hand crushed or ball 

milled) to obtain a fine powder followed by mixing with acetylene black and polyacrylic acid as 

binder in the ratio of 8:1:1 by weight and about the same volume of 1-methyl 2-pyrrolidinone for 

providing the appropriate viscosity to the slurry. 127 µm stepped applicator blade was then used to 

spread the slurry on to a 15 µm thick copper foil (current collector). The film was then dried at 

approximately 80 °C overnight in inert conditions. Circles of 9/16” diameter were punched and weight 

of the active material in the film was measured. The 2032 sized coin-cells were then assembled in a 

argon filled glovebox. Composite coated on copper foil (punched circle) acted as the working 

electrode while pure lithium metal acted as the reference or counter electrode. A monolayer 
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polypropylene membrane (Celgard) soaked in electrolyte acted as the separator between the two 

electrodes. The electrolyte consisted of 1M LiPF6 (Alfa Aesar) lithium salt in (1:1 v/v) dimethyl 

carbonate (DMC): ethylene carbonate (EC) solvent. The assembled batteries were tested in the voltage 

range of 10 mV to 2.5 V at constant currents both during discharge (insertion) and charge (extraction) 

half cycles. The specific capacities mentioned are calculated based on the weight of active material 

only. Since these ceramics are mostly amorphous and have several energy levels available for Li-

insertion/extraction, ‘C-rate’ here is defined (such that it gives time required to insert or extract the 

charge at a given value of the current) as the ratio of applied current (constant for both 

charge/discharge) to the observed electrochemical capacity. 

 

RESULTS AND DISCUSSION 

The SEM (Fig. 2 a, d, g) and TEM (Fig. 2 b ,e ,h) imaging revealed formation of a shell/core 

composite nanowire structure with thicker nanowires being formed at lower CNT loading in the 

polymeric precursor (statistical variation in nanowire diameter is shown in Fig. 2 c, f, i). For the 

SiOC-CNT-5 specimen, some agglomerated SiOC particles along with SiOC coated CNTs were 

observed (Fig. 2a). While the nanotube core was more evident in SiOC-CNT-8 and SiOC-CNT-10 

specimens, where the polymeric precursor was perhaps just sufficient to form a monolayer thick SiOC 

shell on the CNT sidewalls. This increasing amount of nanotubes in the ceramic composite became 

even more prominent when imaged at higher magnifications in a TEM (Fig. 2b, e, h). The polymer to 

ceramic transformation on the surface of a carbon nanotube is shown with the help of a schematic in 

Fig. 3a. Further, XRD results confirmed that the ceramic was indeed amorphous when processed at 

1000 °C, which is one of the hallmarks of PDCs (Fig. 3b).  
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Figure 2: SEM, TEM image and Histogram (size distribution) of various SiOC-CNT composites 

prepared in this study: (a, b, c) SiOC-CNT-5, (d, e, f) SiOC-CNT-8 and (g, h, i) SiOC-CNT-10, 

respectively. Thicker composite nanowires were observed for composites with lower CNT loading. 

 

The FT-IR spectroscopy of SiOC and SiOC-CNT specimens (Fig. 3c) showed stretching of Si-O 

(3423 cm-1), Si-H (2314 cm-1), Si-O-Si (1384 cm-1), and C-H (2917 cm-1 to 2877 cm-1) and bending of 

Si-CH3 (1607 cm-1, 1585 cm-1 and 1420 cm-1) bonds. The polymer to ceramic transformation involves 

breaking of Si-CH3 and C-H bonds, and this effect is clearly captured in the FTIR spectrum with the 

decrease in the intensity of corresponding peaks. These results are also in agreement with other 

studies on bulk polymer-derived SiOC ceramics. Moreover, presence of CNTs in the composite could 

be observed as C=C stretching at 1722 cm-1 (due to its pristine nature) and C-H stretching at 2864 cm-1 

(possibly due to defect sites). The chemical interaction of SiOC with CNT sidewall could not be 

confirmed with these techniques. However, based on present analysis physical adhesion of SiOC 

ceramic on CNT surface can be safely predicted. 
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Further, TGA measurements were performed (in flowing air) to ascertain the amount of ceramic 

present in the composite. As expected more ceramic was observed in SiOC-CNT-5 specimen than 

SiOC-CNT-10 (Fig. 3d). Moreover, all SiOC-CNT composite specimens showed higher oxidation 

resistance (~700 °C) than pure MWCNTs (~530 °C), which suggests protection of nanotube core by 

the ceramic shell. TGA data for pure SiOC has also been included for comparison. 

Now, assuming that the SiOC polymeric precursor uniformly covers the entire CNT surface, ceramic 

shell thickness can be approximated using the following relationship:  29  

                                                 (1) 

Where MLSiOC are the number of SiOC monolayers on CNT, wSiOC is the weight fraction of SiOC in 

the composite determined experimentally by TGA to be 84, 76 and 68 (for SiOC-CNT-5, SiOC-CNT-

8 and SiOC-CNT-10 respectively, Table 1). Molecular weights MWCNT and MWSiOC are 12 and 56 

gmol-1 and Ω is the ratio of molar volume/Avogadro’s number for CNT and SiOC. TEM images 

seems to corroborate these results as the SiOC-CNT-5 specimen were observed to be considerably 

thicker than SiOC-CNT-8 and SiOC-CNT-10 specimens.  

 

Table 1: Summary of the TGA data. Weight percent of CNTs in SiOC is calculated based on the 

residual weight. All weight values in the table are accurate up to 0.1 %. 
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Figure 3: (a) Schematic representation of the molecular level interfacing of TTCS polymeric 

precursor with CNT sidewalls and resulting transformation to SiOC ceramic shell up on pyrolysis (the 

schematic is Not To Scale). (b) XRD data confirming the amorphous nature of polymer-derived SiOC 

ceramic (hallmark of these materials) and survival of carbon nanotubes in SiOC-CNT composites 

(peak at ~26 degrees). (c) FTIR spectra showing chemical bond evolution for MWCNTs, cross-linked 

TTCS polymer, SiOC ceramic and various SiOC-CNT composite specimens (1: Si-OH, 2: C-H, 3:C-

H, 4: C-H, 5: C-H, 6: Si-H, 7: C=C, 8: Si-CH3, 9: Si-CH3, 10: Si-O). Polymer to ceramic conversion 

generally involves breaking of Si-H and Si-CH3 bonds with release of hydrogen and other volatile 

species such as CO2, CH4, H2O etc., and (d) TGA data for determination of weight percent of CNTs in 

final composite.  

 

We studied the long-term electrochemical cycling of five specimen types including SiOC, MWCNTs 

and three SiOC-CNT composite specimens. The first and second cycle discharge and charge plots are 

shown in Fig. 4. Fig. 4a and 4c represents SiOC and MWCNT anode, while Fig. 4 (e-i) are SiOC-

CNT composite anodes, respectively. The best performance was observed for SiOC-CNT-5 specimen, 

which showed a first cycle reversible capacity of 841.8 mAh g-1 with a first cycle efficiency of 67.1 

%.  
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The differentiated capacity curves (i.e., dQ dV-1 versus voltage) for the first two cycles for SiOC (Fig. 

4b), MWCNTs (Fig. 4d) and various SiOC-CNT (Fig. 4f, h, j) anodes are plotted next to their cycling 

plots. The reduction peaks are categorized as (I) at ~0.05 V, (II) between ~(0.25 V to 0.33) V, and 

(III) at ~0.7 V while oxidation peaks are categorized as (IV) ~0.1 V and (V) ~0.6 V. The reduction at 

~0.05 V seems to originate from Li-intercalation in ‘graphitic-carbon’ which is present in both 

pristine SiOC ceramic and MWCNTs. 18,30 While the reduction peak at ~0.3 V is most likely due to 

Li-intercalation in nanovoids or chemical bonding with dangling bonds present at Si and C sites in the 

ceramic.31 One other reduction peak at ~(0.7 to 0.8) V was seen only in the first cycle for SiOC-CNT 

anodes (absent in SiOC) and is characteristic of electrolyte decomposition (formation of passivating 

solid electrolyte interphase layer) for MWCNTs based anodes with LiPF6 based electrolytes.23,24 The 

Li-ion oxidation peaks at ~0.1 V corresponds to graphitic carbon present in SiOC and MWCNT. 23,32 

For these specimens, the dQ dV-1 plot in the second cycle showed an intense reduction peak-I (at 0.05 

V), while a weaker oxidation peak-V (0.5 V) was observed for all the specimens. This implies that (a) 

multiple phases (energy levels) in SiOC-CNT seem to contribute toward lithium intercalation, and (b) 

Li-ion intercalation in SiOC ceramic phases start to dominate over the MWCNT after the first 

electrochemical cycle is over.  
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Figure 4: Electrochemical data for various SiOC anodes used in this study: (a, c, e, g, i) first and 

second charge/discharge profiles for SiOC, MWCNT, SiOC-CNT-5, SiOC-CNT-8, and SiOC-CNT-

10, respectively. (b, d, f, h, j) differentiated capacity versus voltage plot for SiOC, MWCNT, SiOC-

CNT-5, SiOC-CNT-8, and SiOC-CNT-10, respectively. 
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High first cycle irreversibility in MWCNTs is typical and is attributed to Li-trapping between their 

inter-tubular spacing (>56 %). 23,24 Thus increasing amounts of CNTs (5, 8 and 10 wt.%) in SiOC 

composites could be directly co-related to the increasing first cycle loss (ICL) of (32.9, 34.9 and 46.8 

%) in the specimen performance. Additionally, as shown in Table 1, in SiOC-CNT-5 specimen the 

SiOC coating thickness on MWCNTs (~3 layers) can reduce the Li-ion diffusion in to the CNT core 

and there-by limit the entrapment of Li-ions inside nanotubes as compared to the SiOC-CNT-10 

specimen (~1 layer of SiOC on CNT). Remarkably, the cycling efficiency in the SiOC-CNT 

specimens was observed to be consistently at 99 % or above, which can be collectively attributed to 

the stable SiOC ceramic shell that surrounds the conducting nanotube core resulting in efficient 

uptake and desorption of Li-ions. The reversible capacity and the first cycle efficiency of SiOC-CNT 

composites reported here (Table 2) are higher than that of some other PDC based anodes. 30, 33-35 For 

example, porous-SiOC have been reported to have first cycle reversible (charge) capacity of ~272 

mAh g -1 (59 % efficiency) 20, SiCN at ~374 mAh g-1 (74 % efficiency) 30, SiCN-graphite composite at 

~474 mAh g-1 (64.8 % efficiency) 34 and Si(B)CN-CNT at 241.9 mAh g-1 (41 % efficiency). 35 

 

Figure 5: (a) Specific discharge capacity and efficiency of the SiOC and MWCNTs anodes tested for 

40 cycles. (b) Specific discharge capacity and efficiency of SiOC-CNT composite anode specimens 

cycled for 40 cycles at ~C/10.  

 

Long term cycling performance of SiOC and all SiOC-CNT specimens is plotted in Fig. 5a and b, 

respectively. High capacity retention in these anodes is a good evidence of their chemical and 

structural stability induced by ceramic shell and nanotube core, respectively. For the SiOC anode, the 
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capacity dropped by approximately 44 % after 40 cycles. While SiOC-CNT specimens showed 

exceptional specific capacity retention with SiOC-CNT-10 leading with 98.6 % (at 459.6 mAhg-1) 

followed by SiOC-CNT-8 with 84.8 % (at 525.8 mAhg-1) and SiOC-CNT-5 with 81.5 % (at 686.3 

mAhg-1) after 40 cycles. These results suggest improved mechanical toughness of the anode due to 

inclusion of CNTs.  

Table 2: Summary of the electrochemical data and comparison with results from literature. (*2nd 

cycle onwards)  

 

In addition, we also note that the polysiloxane derived SiOC ceramics processed at 1000 °C are 

electrically insulating (<10-12 Scm-1). 19 While pellets of SiOC-CNT composite powder prepared by 

cold pressing (approximately 4 kpsi) showed electrical conductivities in the range of 1.2 x 10-5 S cm-1 

(SiOC-CNT-5) to 6.05 x 10-5 S cm-1 (SiOC-CNT-10). Thus, CNTs play an important role both in 

providing an electrical connection within the anode and in binding the active SiOC particles as one 

unit. 

Furthermore, a recent study on Si-O-C ceramic anodes suggests formation of oxygen as well as 

carbon rich SixOyCz phases during Li-ion intercalation. 36 The dominant oxygen rich phases like 

SiO2C2, SiO3C and SiO4 were observed to facilitate a reversible reaction with Li-ions, while carbon 

rich phases of SiOC3 and SiC4 were suggested to result in non-reversible reactions with lithium. It is 

likely that oxygen rich phases could be more dominant in SiOC-CNT-5 specimen than others, 

resulting in lower first cycle loss. Nonetheless, further studies involving in-situ NMR could provide 

more insights into these composite materials and are currently beyond the scope of present work.  
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Later, post electrochemical imaging was carried out on dissembled anodes to observe any signs of 

fatigue, crack formation, film delamination or pulverization that is typical in case of silicon based 

anode when subjected to long-term electrochemical cycling. The process involved dissembling the 

batteries and recovering the anode by repeated rinsing in DMC to clean the surface contaminants. The 

whole process was carried out in an argon-filled glovebox and the recovered anodes were then 

instantly transferred to SEM for imaging.  As seen in Fig. 6, all cycled anodes except SiOC (Fig. 6 a, 

b), displayed uniform interconnected particle like appearance with uniform surface morphology and a 

stable coating. Crack-free SEI was observed on all SiOC-CNT anode surfaces (Fig. 6, c through h). 

Degradation like delamination of active material and stress cracks due to volume 

expansion/contraction were also not seen. High magnification images of SiOC anode showed that the 

particles were loosely held with a few micrometer size cracks being formed, which may be the reason 

for its reduced electrochemical capacity with increasing cycle number.  
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Figure 6: SEM micrographs (Left: low mag and Right: high mag) of various dissembled anode 

specimen after testing for 40 cycles, (a, b) SiOC (active anode weight :1.4 mg), (c, d) SiOC-CNT-5 

(active anode weight : 1.4 mg), (e, f) SiOC-CNT-8 (active anode weight : 1.5 mg), and (g, h) SiOC-

CNT-10 (active anode weight : 1.6 mg). All anodes were approximately 127 µm thick. 
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Lastly, the rate capability tests were performed (Fig. 7), where the anodes were cycled for 5 cycles 

each at increasing current densities of 50, 100, 200, 400, 800 and 1600 mA g-1 and then back at 50 

mA g-1. Similar to previous observations, here also the SiOC-CNT anodes showed better stability than 

bulk SiOC anode. Among these, the SiOC-CNT-5 specimen showed highest specific capacity of ~750 

mAh g-1, which was fully recovered when the current density was brought back to 50 mA g-1. In 

addition, we also cycled and compared the performance of SiOC-CNT-2.5 anode specimen with SiOC 

and SiOC-CNT-5 specimen (see supplementary information Fig. S1). Here also the SiCO-CNT-5 

specimen (with specific capacity of ~260 mAh g-1 at 1600 mA g-1) consistently outperformed SiOC-

CNT-2.5 (specific capacity of ~46 mAh g-1 at 1600 mA g-1), suggesting that 5 wt % loading of 

MWCNT in TTCS is necessary for achieving optimum performance in these composite nanowires.  

 

Figure 7: Rate capability test data for SiOC, SiOC-CNT-5, SiOC-CNT-8 and SiOC-CNT-10 anode 

specimens showing specific discharge capacity and columbic efficiency. All SiOC-CNT anodes 

showed stable performance with SiOC-CNT-5 showing best overall cycleability. 
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In conclusion, we have demonstrated synthesis of polymer-derived SiOC-CNT composites with 

varying nanotube contents. Infrared spectroscopy revealed presence of Si-O, Si-O-Si, Si-H and C=C 

bonds from SiOC and C=C and C-H from CNTs suggesting conversion of TTCS polymer to ceramic 

on nanotube surfaces. These composites demonstrated stable performance and good rate capability 

with Li-ions when used as battery anode. SiOC-CNT specimen prepared from pyrolysis of 5 wt.% 

CNTs in TTCS exhibited the best performance in terms of specific capacity (686.3 mAh g-1) while 

capacity retention was 81.5 % after 40 cycles. More importantly, these anodes reached coulombic 

efficiencies close to 99 % with in the first few cycles. Further, the differentiated capacity curves (dQ 

dV-1) revealed capacity contribution from -sp2 carbon in CNTs as well as SiOC ceramic (low voltage 

peak at ~0.05 V), while a separate peak between (0.2 to 0. 3) V seem to emerge from lithiation at 

nanovoids or chemical bonding with silicon/carbon dangling bonds in SiOC ceramic. The post cycling 

imaging of the composite anode surface revealed formation of a stable passivating film (improved 

chemical stability) with no signs of mechanical cracking or delamination (improved mechanical 

toughness). 
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