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In this study, high temperature resistant Si-O-C-Ti has been successfully prepared based 
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PSO can homogeneously mix with TTIP to enhance its conversion to TiC. The carbothermal 

reactions between TiO2 (product of thermal decomposition of TTIP) and carbon result in the 

formation of TiC. All the Si-O-C-Ti composites pyrolyzed at 1200-1300 °C are stable up to 

1000 °C in an oxidizing air atmosphere. TiC leads to high electrical conductivity at elevated 

temperatures; the maximum conductivity is 1176.55 S/m at 950 °C, which is the first reported 

value of >1000 S/m conductivity for Si-O-C-Ti ceramics. However, too high a pyrolysis 
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1. Introduction 

Based on the homogeneous mixing of starting precursors at the molecular level, polymer-

derived ceramics enable the formation of homogeneous microstructures [1] and novel properties 

[2, 3]. One of such systems is polymer-derived silicon oxycarbide (SiOC). It is a highly 

adjustable system for which compositions and microstructures can be tuned vastly with different 

crosslinking and pyrolysis conditions. With pyrolysis temperature increase, there is a phase 

separation into SiO2 and then SiC domains along with free carbon formation by consuming 

mixed SixOyCz units [4]. Stoichiometric SiOC can be described as a network of SiC4-xOx (0 ≤ x ≤ 

4) tetrahedra units, which are randomly distributed in the SiOC system [5]. The SiOC 

composition can be written as SiCxO2(1-x) + y(Cfree or Sifree), which means that excess free carbon 

or excess free silicon can be present in the matrix. Towards this, SiOC material has been recently 

shown to display favorable properties for use in biomedical devices [6], metal-oxide-

semiconductor devices [7], white light emitting devices [8], integrated pressure sensors [9], and 

anodes for lithium-ion batteries [10]. Owing to its diverse range of applications, the SiOC system 

is considered as one of the most promising research areas in polymer derived ceramics. 

With the increasing need for functional high temperature materials, high electrical 

conductivity and thermal stability in harsh environments have become especially important, 

stimulated by their potential applications for microelectromechanical systems and advanced 

energy storage devices. However, the SiOC system is not a highly conductive material. Overall, 

the electrical conductivity provided by carbon-rich SiOC systems displays low values (~ 1 x 10-3 

S cm-1) [3]. In addition, the free carbon in the SiOC matrix leads to low thermal stability [2, 3, 

11]. At high temperatures, carbothermal reduction in the SiOC system may result in weight loss 

and lead to deterioration of thermal stability. Many factors have been proven to have an effect on 
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the high temperature stability, such as the content of free carbon in SiOC [12], polymer precursor 

type [13], SiOC microstructure [14], and pyrolysis condition [12]. In our previous work [3, 15, 

16], the most sensitive issues for the thermal stability of SiOCs are oxidative breakdown of the 

SiOC structure (above 800 °C) and oxidation of free carbon (400-800 °C).  

Recently, ceramic composites from SiOC systems with fillers have been reported [15, 17-

19]. Doping the Si–O–C matrix with extra elements such as B, Al, Ti, and Zr can be achieved by 

adding metal complexes or metal-based particles to the starting polymeric solution. In the 

presence of a carbide-forming transition metal (Ti, Zr, or Cr) or a transition-metal boride or 

silicide, the tremendous linear shrinkage encountered during the polymer pyrolysis may be 

drastically reduced, hence facilitating production of bulk components [14]. More importantly, the 

thermal stability and electrical conductivity have been improved after introducing fillers into the 

SiOC matrix [15, 20, 21]. For example, polymer derived SiOC/ZrO2 ceramic composites have 

been successfully prepared by pyrolysis of polymethylsilsesquioxane and nanocrystalline ZrO2 

particles, and the thermal stability increases with respect to crystallization and decomposition at 

temperatures exceeding 1300 °C [20]. Functionalized TiO2 nanoparticles promote the formation 

of TiCxOy in a SiOC-based composite, and achieve an electrical conductivity of 5.03 S/cm at 

400 °C in air [15]. SiOC/HfO2 fibers have good thermal stability with no observable weight loss 

up to 1500 °C, and the electrical property of the fibers is improved due to the incorporation of 

carbon into the SiO2 network [23]. 

In our prior work [15], SiOC-TiCxOy ceramic has been synthesized based on the reaction 

between TiO2 nanoparticles and free carbon in the matrix during pyrolysis. In order to enhance 

the dispersibility of the TiO2 nanoparticles in the polymer precursor, surface-modification has 

been carried out on the TiO2 particles by surfactant sodium dodecyl sulfate (SDS). The SiOC 
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ceramic containing the surface-modified TiO2 has the highest electrical conductivity (~5.03 S/cm) 

compared to the TiO2-SiOC ceramic without the TiO2 surface modification (~3.07 S/cm) in air, 

which proves the important effect of homogeneous dispersion of additives on the electrical 

properties. However, the surface chemistry incompatibility between the additives and the 

polymer precursor is still difficult to address because one is hydrophilic (such as the hydroxyl 

groups on the TiO2 surface) and the polysiloxane precursors are hydrophobic [24]. Meanwhile, 

small size TiO2 additives, such as nanoparticles, have a significant tendency of aggregation due 

to the high surface area. Inhomogeneous distribution of TiO2 nanoparticles in the matrix, 

especially with increasing TiO2 content, can lead to lower thermal stability.  

In this study, titanium (IV) isopropoxide (TTIP) has been incorporated into phenyl and 

methyl containing polysiloxane to develop Si-O-C-Ti composites. The effects of the additive 

filler content and pyrolysis temperature on the phase evolution as well as thermophysical and 

electrical properties are systematically investigated. The mechanisms for phase transformation 

that lead to superior electrical and thermal behavior of SiOC/TiC ceramic are proposed and 

discussed on the basis of Raman spectroscopy, XRD (X-ray diffraction), XPS (X-ray 

photoelectron spectroscopy), TGA (thermogravimetric analysis), and HRTEM (High-resolution 

transmission electron microscopy).  

 

2. Experimental procedure 

Commercial polysiloxane Polyramic® SPR-684 (PSO, [-Si(C5H6)2O-]3[-Si(CH3)(H)O-]2[-

Si(CH3)(CH=CH2)O-]2, Starfire Systems, Inc., Schenectady, NY) was used as the polymer 

precursor. Titanium (IV) isopropoxide (TTIP, Ti(OCH(CH₃ )₂ )₄ , Acros, NJ) with 98+% purity 

was chosen as the titanium-containing additive. 2.1–2.4 % platinum divinyltetramethyldisiloxane 
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complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA) diluted with toluene was used as a 

hydrosilylation catalyst. 

TTIP/PSO mixtures with the corresponding Ti to Si molar ratios of 0.05, 0.10, 0.15, and 

0.20 (marked as SiOC-Ti–0.05, SiOC-Ti–0.10, SiOC–Ti–0.15, and SiOC–Ti–0.20 respectively) 

were prepared in an argon atmosphere in a glove box (Labstarpro, MBRAUN®, Stratham, NH). 

During vigorous stirring of the above mixtures at 250 rpm, 2.5 ppm of the diluted Pt catalyst 

solution was slowly added to the mixtures. After the mixture was stirred for 30 min, the 

homogeneous mix was poured into cylindrical aluminum molds and placed in a vacuum chamber 

at 1500 mTorr to remove all the bubbles. Before crosslinking, the mixture was a yellowish yet 

transparent liquid without any bubbles. After curing at 50 °C for 12 h and 100 °C for 24 h in an 

oven, the cross-linked sample was hard, black, and crack–free. The cured samples were cut and 

polished to roughly 10 mm x 10 mm x 1.5 mm size and placed in zirconia boats with both sides 

covered by graphite mats before putting into a tube furnace (1730 – 12 Horizontal Tube Furnace, 

CM Furnaces Inc., Bloomfield, NJ) for pyrolysis. The samples were heated up to 1200 °C, 

1300 °C, and 1400 °C at a rate of 1 °C/min with 2 h holding and cooled down to 50 °C with a 

rate of 2 °C/min. The ceramic yield and shrinkage of the above samples were recorded. 

The density of the resulting products was measured in triplicate by a pycnometer 

(AccuPyc II 1340, Micromeritics®, Norcross, GA), using helium gas at an outlet pressure of 1.34 

bars in a 7.8 cm3 sample cell.  Phase compositions of the pyrolyzed samples were examined 

using an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, The Netherlands). Rietveld 

refinement of the diffraction data was performed using X’Pert HighScore Plus. JCPDS cards 98-

001-2065 and 98-009-3040 were used to index SiC and TiC phases, respectively. The thermal 

stability of the samples after pyrolysis was analyzed by thermogravimetric analysis (TGA) using 
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a STA 449C Jupiters® analyzer (Netzsch - Gerätebau GmbH, Selb, Germany) from room 

temperature to 1000 °C at a heating rate of 10 °C/min and an air flux of 40 ml/min as well as in a 

furnace at 1000 °C in air for up to 100 h. The electrical conductivity of the pyrolyzed samples 

was measured from 50 °C to 1200 °C in an Ar atmosphere with a four-point probe configuration 

from a potentiostat (Versa STAT 3, Princeton Applied Research, Oak Ridge, TN). For the 

conductivity measurements, silver/palladium paste (ESL Electroscience, PA, USA) electrodes 

were painted on the surfaces of the specimens. Raman spectra were recorded on a Horiba 

spectrometer (JY Horiba HR 800) with an excitation wavelength of 514 nm produced by an Ar 

laser between the spectral range of 250–3500 cm−1. The microstructures of the pyrolyzed 

ceramics were studied using a transmission electron microscope (JEOL 2100, JEOL USA, 

Peabody, MA); the TEM samples were prepared by grinding the pyrolyzed samples in a mortar 

and then dispersing them in absolute methanol. Chemical compositions were examined by X-ray 

photoelectron spectroscopy (XPS, PHI Quantera SXM) equipped with an Al K source (1486.6 

eV).  

 

3. Results and discussion 

3.1. Thermophysical properties 

Table 1 displays the volume shrinkage, ceramic yield, and density of the samples after 

pyrolysis at 1200°C, 1300°C, and 1400°C. All the pyrolyzed samples are light-reflecting black 

and maintain good shapes and high integrity. The pure SiOC sample shows no distinction in 

physical appearance vs. the Si-O-C-Ti samples. 
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Table 1. Volume shrinkage, ceramic yield, and density of the pyrolyzed samples. 

 

The pure SiOC sample pyrolyzed at 1200 °C shrinks at the lowest rate of ~40%. The 

values for all the Si-O-C-Ti samples range from 41% to 64% at three different temperatures. At 

the same pyrolysis temperature, the volume shrinkage increases with the TTIP content. It is 

believed that the thermal decomposition of TTIP into TiO2 as well as the carbothermal reaction 

between TiO2 and carbon lead to an increase in the volume shrinkage. The shrink process can be 

described as [25, 26]: 

Ti(O-iC3H7)4 → TiO2 + 4C3H6(g) + 2H2O(g)       (1) 

TiO2 + 3C → TiC + 2CO(g)         (2) 

Samples 
Volume shrinkage (%) Ceramic yield (%) Density (g/cm3) 

1200°C 1300°C 1400°C 1200°C 1300°C 1400°C 1200°C 1300°C 1400°C 

SiOC 
40.35±

2.47 

47.29±

0.37 

45.25±

1.10 

83.34±

4.23 

81.22±

5.28 

74.59±

0.54 
1.64±0.52 1.77±0.24 1.84±0.04 

SiOC-Ti-

0.05 

41.04±

1.50 

49.78±

0.51 

46.65±

0.89 

76.56±

0.07 

74.15±

0.42 

74.21±

1.19 
1.81±0.30 1.84±0.42 1.87±0.10 

SiOC-Ti-

0.10 

50.66±

0.55 

55.06±

0.75 

52.53±

1.01 

71.24±

0.77 

68.40±

0.85 

68.39±

1.80 
1.86±0.42 1.91±0.33 1.93±0.06 

SiOC-Ti-

0.15 

53.79±

1.87 

58.45±

0.83 

56.92±

0.67 

66.67±

0.30 

63.48±

0.26 

63.64±

0.70 
1.90±0.40 1.96±0.32 1.98±0.36 

SiOC-Ti-

0.20 

64.47±

0.78 

59.70±

0.78 

60.58±

0.91 

65.59±

0.72 

61.17±

1.06 

63.16±

1.54 
1.96±1.12 1.99±0.47 2.01±0.15 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

8 
 

Table 1 also shows that the volume shrinkage steadily increases with the TTIP content, 

when the pyrolysis temperature is constant. For the same TTIP content, the volume shrinkage 

does not have a consistent trend from 1200 °C to 1400 °C. In general, it increases from 1200 °C 

to 1300 °C and then decreases from 1300 °C to 1400 °C. This is because Eq. (2) reacts more 

completely at higher temperatures, which results in larger volume shrinkage because of the 

evaporation of the volatile CO gas.  

The ceramic yield values for all the samples in Table 1 range from 61–83%. At the same 

pyrolysis temperature, the ceramic yield decreases with the increase of the TTIP content. Among 

them, the pure SiOC samples has the highest ceramic yield (83%, 81%, and 75%) at pyrolysis 

temperatures of 1200 °C, 1300 °C, and 1400 °C. This is understandable as the mass loss of the 

pure SiOC is only dependent on the polymer decomposition. However, for the Si-O-C-Ti 

samples, the thermal decomposition of both the PSO and TTIP causes mass loss, especially with 

the consideration of the TiO2 to TiC conversion (CO gas escape). More TTIP leads to more mass 

loss. At the same TTIP concentration, the ceramic yield generally decreases as the pyrolysis 

temperature increases because of the formation of more free carbon in the matrix and potentially 

more evaporative species (CO, CO2, etc.). 

The densities for all the SiOC and Si-O-C-Ti samples are in the range of 1.64–2.01 g/cm3. 

At 1200 °C, as the TTIP content increases, the density slightly increases. This is because more 

TTIP introduces more Ti into the samples. When the pyrolysis temperature increases from 

1200 °C to 1400 °C, more TiO2 (4.23 g/cm3) converts into TiC (4.93 g/cm3), the density values 

for both of these species are much higher than those of SiOC (2.2-2.3 g/cm3), SiO2 (2.65 g/cm3), 

and SiC (3.21 g/cm3). 
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3.2. Phase Evolution 

Fig. 1 shows the phase evolution of the SiOC matrix with different TTIP content for 

different pyrolysis temperatures.  

At 1200 °C (Fig. 1(a)), the broad 22.9° hump corresponds to the (022) plane of 

amorphous SiO2. The weak and poorly defined peak at 41.4° means that the SiC content is low, 

consistent with typical SiOC systems. For the Si-O-C-Ti samples, some minor peaks appear at 

36°, 41°, and 60°, consistent with the formation of TiC and SiC. With an increasing molar ratio 

of Ti to Si to 0.10, 0.15, and 0.20, these above-mentioned three peaks become stronger, an 

indication of more TiC and/or SiC formation. For the TiC formation, the reaction paths are 

shown in Eqs. (1) and (2), which is consistent with the presence of the Ti-C bonds (Ti2p, 460.7 

eV) in the SiOC-Ti-0.20 pyrolyzed at 1200 °C (Fig. 2(b)). At the same time, the Si-C bonds 

shown in Fig. 4(a) are more related to the SiOC tetrahedrals than to SiC crystallites. The main 

peak of Si2p from the SiOC-Ti-0.20 system with a binding energy of 102.4 eV is attributed to 

the combined contribution of Si–C and Si–O bonds [27], thus the amorphous SiOC phase in the 

SiOC-Ti system. No SiC peak is detected for the SiOC-Ti-0.20 sample at 1200 °C and only a 

very small amount of SiC is observed at 1400 °C pyrolysis temperature. It is believed that the 

36°, 41°, and 60° peaks in Fig. 1 are more related to TiC than to SiC. The TiC content increases 

with the TTIP content.  
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Fig. 1. XRD patterns of the SiOC samples with different amount of TTIP additive after pyrolysis 

at (a) 1200°C, (b) 1300°C, and (c) 1400 °C for 2 h in flowing argon. 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

11 
 

Fig. 2. XPS spectra of the SiOC-Ti-0.20 sample pyrolyzed at 1200, 1300, and 1400 °C showing 

the Si2p and Ti2p peaks. 

 

With the pyrolysis temperature increase to 1300°C (Fig. 1(b)), the 35.7°, 41.4°, 60.0°, 

71.8°, and 75.5° peaks corresponding to the (111), (002), (022), (113), and (222) planes of -SiC 

are clearly observed for the pure SiOC sample. Also, the SiO2 phase crystallizes, demonstrated 

by the 22.9° hump change to a sharper peak. This means that higher pyrolysis temperature 

accelerates the formation of SiC and the crystallization of SiO2 in the SiOC matrix. With the 

increase of the TTIP addition, due to the consumption of carbon by TiO2 through Eq. (3), the 

inhibiting effect from excessive carbon for the SiO2 formation is decreased [15]; large SiO2 

domain sizes lead to the crystallization of SiO2. With the TTIP addition (Fig. 2b), the peaks for 

the mixture of TiC and SiC (largely TiC) centered at 36°, 41°, 60°, 72°, and 76° are more 

intensive. For the SiOC-Ti-0.20, both the XRD pattern from 20° to 60° and the deconvoluted 

XPS Ti2p peak show a series of small peaks. These peaks result from a series of intermediate 

oxides due to TiO2 reduction by carbon, such as Ti3O5 and TiO2, as well as TiC, which can be 

expressed as: 

3TiO2 + C → Ti3O5 + CO(g)        (3) 

The Gibbs free energy of the above equation can be calculated with an HSC Chemistry 

6.0 software. The calculation results are shown in Fig. 3, which indicates that only when the 

temperature is higher than 1100 °C (1373.15K) is Eq. (3) thermodynamically possible (negative 

Gibbs free energy). However, there are no titanium intermediate oxides detected even at 1200 °C 

pyrolysis temperature. This may be due to the negligible amount of the predicted titanium oxides. 

Overall, higher TTIP content leads to more TixOy and TiC formation. 
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Fig. 3. Gibbs free energy versus absolute temperature for Eq. (3). 

 

When the pyrolysis temperature is increased to 1400°C, the intense peak at 21.8° 

indicates tetragonal SiO2 formation for the SiOC-Ti-0.20 sample. For the pure SiOC sample, 

there is no distinguishable difference between those of Figs. 1(b) and 1(c), except that the peaks 

become sharper in Fig. 1(c). As discussed, higher pyrolysis temperature increases the transition 

to crystalline SiO2. Nonetheless, the extent is much less than that with the TTIP addition. The 

XPS results in Fig. 2 also show the strengthening of the SiO2 peak centered at 103.3 eV from 

1200 °C to 1400 °C. The SiC formed in the matrix leads to more intense peaks in Fig. 1(c). The 

mechanism can be explained as: 

SiO2(amorphous) + 3C(graphite) → SiC(β) + 2CO↑        (4) 

The corresponding contents of TiC and SiC from the SiOC-Ti-0.05 to SiOC-Ti-0.20 

samples are analyzed by Rietveld refinement. During the Rietveld refinement, several parameters 

are refined to generate a simulated pattern until it matches the measured profile. Table 2 lists the 
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contents of TiC and SiC crystalline phases. The relative weight fraction of TiC is remarkably 

boosted with the Ti content in SiOC.  

 

Table 2. Quantitative results of the crystalline phases by Rietveld analysis of the Si-O-C-Ti 

samples pyrolyzed at 1300 °C. 

 Rietveld refinement (wt%) 

Sample SiC TiC 

SiOC-Ti-0.05 92.0 8.0 

SiOC-Ti-0.10 79.6 20.4 

SiOC-Ti-0.15 45.1 54.9 

SiOC-Ti-0.20 36.5 63.5 

 

As seen in Fig. 2(a), the combined contribution from the Si-C and Si-O bonds in the 

amorphous SiOC phase is reduced when the pyrolysis temperature goes higher. This is because 

more crystalline SiC and SiO2 evolve from the SiOC phase. The peaks centered at 454.7 eV 

(Ti2p3/2) and 460.7 eV (Ti2p1/2) for TiC also become stronger from 1200 °C to 1400 °C (Fig. 

2(b)), which implies the reaction conversion from titanium oxides to TiC by increasingly 

consuming the excessive carbon, and higher temperature promotes the extent of this reaction. 

From the XRD patterns in Fig. 1, it can be concluded that crystallization of SiC and TiC 

starts at 1300 °C pyrolysis temperature. Fig. 4(a) shows the electron diffraction pattern of the 

SiOC-Ti-0.20 samples pyrolyzed at 1300 °C. Because of the amounts of the crystalline phases 

(e.g. SiC, TiC) are too small, the diffraction spots for these phases are not obvious. The electron 

diffraction pattern mainly displays the amorphous nature for the SiOC samples. The halo rings 
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are believed to be from the amorphous carbon and SiOC, which should be widely present [28]. In 

order to further distinguish the TiC and SiC phases in SiOC matrix, the high magnification 

microstructure is shown in Fig. 4(b). The width of the lattice distance is obtained by 

DigitalMicrograph® version 3. The results show that the lattice fringe width is 0.25 nm from both 

crystalline precipitates. However, the crystalline form is the same for SiC and TiC and the lattice 

parameters of TiC (0.249 nm) and SiC (0.251 nm) are similar, the identification between them is 

not definite due to the limit of the TEM measurements. The morphology of the precipitates is 

poorly defined, but the size is generally <5 nm. The worm-like features throughout the SiOC 

matrix are from the turbostratic carbon layers, which have twisted layer structures from the out-

of-registry stacking of the graphene layers.  
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Fig. 4. Morphology of the SiOC–Ti-0.20 sample after pyrolysis at 1300 °C: (a) low 

magnification microstructure and largely amorphous diffraction pattern; (b) distribution of SiC 

and TiC nanocrystals in the SiOC matrix with the lattice fringe width shown.  

 

3.3. Thermal stability 

The high temperature oxidation stability of the Si-O-C-Ti samples is shown in Fig. 5. At 

1200 °C pyrolysis temperature, the residual masses of all the samples are more than 99.80 wt%, 

except for the pure SiOC sample (93.90 wt%). There is a similar trend for the samples pyrolyzed 

at 1300°C. As the insert in Fig. 5(a) shows, there is a weight loss of 0.10 wt%, 0.16 wt%, 0.20 

wt%, and 0.15 wt% for the SiOC-Ti-0.05, 0.10, 0.15, and 0.20 samples respectively from room 

temperature to 500 °C. This is due to the evaporation of moisture and carbon oxidation at low 

temperatures (400-800 °C), which causes a net weight loss for the resultant ceramic [29]: 

C + O2 → COx     (5) 
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As was discussed in our previous papers [3, 15], Eq. (5) involves oxidation of edge carbon atoms 

in the tiny graphene layers of the SiOC matrix, along with the oxidation of the radical species on 

the surface of free carbon.  

Between 500 °C and 1000°C, weight gains up to 0.079 wt%, 0.11 wt%, and 0.12 wt% are 

observed for the SiOC-Ti-0.10, SiOC-Ti-0.15, and SiOC-Ti-0.20 samples. The oxidation of the 

Si-C bonds in the SiOC matrix leads to net weight gain, which can be described as: 

Si-C + O2 → Si-O + COx        (6) 

The weight gain or loss depends on the oxidation rates of the excess carbon and the Si-C 

bonds in the SiOC matrix. Combining these two conflicting yet simultaneous reactions (5) and 

(6), and considering that TiC formation is minimal, it explains why only a small weight gain is 

observed for the samples pyrolyzed at 1200°C. Regardless, the high thermal stability of the 

SiOC-Ti-0.10, SiOC-Ti-0.15, and SiOC-Ti-0.20 samples after 1200 °C pyrolysis is clear. 

Compared to higher pyrolysis temperatures (1300 °C and 1400 °C), the amount of free carbon is 

relatively low in the SiOC matrix pyrolyzed at 1200 °C. Moreover, SiOC oxidation should be 

more vulnerable at higher temperatures (500 °C - 1000 °C) than at lower temperatures (< 

500 °C), which results in the Si-C bond oxidation rate being comparable to that of the oxidation 

rate of carbon. This allows a SiO2-like surface to build up on SiOC based on reaction (6), which 

slows all subsequent reactions due to the necessity of O2 diffusing in and COx diffusing out for 

reactions (5) and (6) to occur. Regardless, it should be noted that the mass loss is relatively small 

for the Si-O-C-Ti samples compared to the pure SiOC system. This is because the possible 

reaction between TiO2 and SiOC will induce more Si-C bonds from the amorphous SiOC phase 

due to the formation of SiO2: 

TiO2 + 2SiOC → 2SiO2 + TiC + C       (7) 
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With more oxidation of the Si-C bonds in the SiOC matrix, less net weight loss occurs for the Si-

O-C-Ti samples.  

 

Fig. 5. TGA weight change curves in air for the pure SiOC and Si-O-C-Ti samples pyrolyzed at 

(a) 1200 °C, (b) 1300 °C, and (c) 1400 °C.  
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The above discussion also explains the “convex” shape of the weight curves in Fig. 5(a), 

that is, the net weight loss at lower temperatures and weight gain at higher temperatures. Unlike 

the other samples, only the weight of the SiOC-Ti-0.05 sample drops at 900°C. Based on 

reactions (1) and (2), less free carbon will be consumed to form TiC. Because of the higher 

amount of unreacted free carbon in the SiOC-Ti-0.05 sample than in the other samples, the 

oxidation of free carbon becomes more prominent once again from 900 °C to 1000 °C, resulting 

in weight loss (0.046 wt%). The residual masses of the SiOC-Ti-0.05, 0.20, 0.15, and 0.20 

samples are 99.81 wt%, 99.91 wt%, 99.92 wt%, and 99.97 wt%, respectively. Higher TTIP 

content leads to higher thermal stability. This is because TiC is an extremely refractory ceramic 

material [30] and has a positive effect on the thermal stability. 

At 1300 °C pyrolysis temperature, the residual mass for the pure SiOC sample is 96.16 

wt%, and for the other samples they are all more than 99.70 wt%, as shown in Fig. 5(b). The 

thermal stability of all the Si-O-C-Ti samples is enhanced compared to the pure SiOC. Again, 

this is because TiC plays an active role in improving the thermal stability. At the same time, a 

mass loss of 3.84 wt% is observed for the pure SiOC sample between 600 °C and 1000 °C, 

indicating a continuous deterioration of the thermal stability due to carbon burning from 600 °C 

to 1000 °C [31]. However, this phenomenon is less extensive in the Si-O-C-Ti samples since part 

of the free carbon is consumed to support the conversion from TiO2 to TiC (reaction (2)). Fig. 

5(b) insert shows the convex-like curve, the same as in Fig. 5(a). The difference for the inserts in 

Figs. 5(a) and (b) is that a mass loss of 0.12 wt%, 0.11 wt%, and 0.20 wt% is detected for the 

SiOC-Ti-0.05, SiOC-Ti-0.10, SiOC-Ti-0.15 samples respectively from 900 °C to 1000 °C. It has 

been explained by the less carbon consumption in the lower TTIP-containing samples through 

the reduction reaction (2), which makes the oxidation of free carbon more prominent at a higher 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

19 
 

temperature and results in mass loss after 900°C. In Fig. 5(b), the above phenomenon occurs in 

all the Si-O-C-Ti samples except for SiOC-Ti-0.20. In Fig. 5(a), the exception is only SiOC-Ti-

0.05. Higher pyrolysis temperature promotes more free carbon phase. At 1300 °C, more free 

carbon in the matrix results in more prominent carbon oxidation (mass loss) than at 1200°C. It 

also explains why more samples have mass loss at a later stage in Fig. 5(b). The TTIP content 

effect is the same as at 1200°C. Higher TiC content means higher thermal stability.  

Fig. 5(c) shows no convex line in the mass change curves. Only mass loss from 500 °C to 

1000 °C occurs. The pure SiOC sample still shows the lowest thermal stability (95.93 wt%). The 

residual masses of the SiOC-Ti-0.05, 0.10, 0.15, and 0.20 samples are 96.36 wt%, 98.08 wt%, 

97.89 wt%, and 99.88 wt%, consistent with the observation that the thermal stability is 

proportional to the TiC content. All the samples show mass loss because of the more extensive 

phase separation and free carbon formation at 1400 °C. The samples pyrolyzed at 1400 °C are 

less stable because the pyrolysis process consumes more free carbon and ‘destabilizes’ the SiOC 

system. As we have discussed at the beginning of this section, TiC is an extremely refractory 

material. Higher TiC samples mean higher thermal stability.  

Table 3 shows that the mass loss after 1000 °C thermal treatment in air for 25 h varies 

from 23.25 to 36.96 wt%. The reasons have been detailed above with extended thermal exposure. 

However, no weight loss is detected for all the samples during the period of 25-100 h thermal 

treatment. This means that after the initial mass loss, the Si-O-C-Ti system has superior thermal 

stability, and higher TiC content results in higher thermal stability. 

 

Table 3. Mass loss of different SiOC-Ti samples with different dwelling time at 1000°C. 

Pyrolysis  Mass loss (wt%)  
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temperature Sample 0-25 h 25-50 h 50-75 h 75-100 h 

 

 

1200 °C 

SiOC 36.89±2.15 0 0 0 

SiOC-Ti-0.05 35.62±1.74 0 0 0 

SiOC-Ti-0.10 35.55±2.16 0 0 0 

SiOC-Ti-0.15 29.74±0.98 0 0 0 

SiOC-Ti-0.20 23.49±1.26 0 0 0 

 

 

1300 °C 

SiOC 36.74±0.63 0 0 0 

SiOC-Ti-0.05 35.28±1.79 0 0 0 

SiOC-Ti-0.10 32.71±2.16 0 0 0 

SiOC-Ti-0.15 24.02±0.46 0 0 0 

SiOC-Ti-0.20 23.25±1.02 0 0 0 

 

 

1400 °C 

SiOC 36.96±1.39 0 0 0 

SiOC-Ti-0.05 32.87±2.51 0 0 0 

SiOC-Ti-0.10 33.31±0.78 0 0 0 

SiOC-Ti-0.15 30.42±1.21 0 0 0 

SiOC-Ti-0.20 29.36±1.59 0 0 0 

 

3.4. Electrical conductivity 

Fig. 6 shows the electrical conductivity changes for the SiOC samples pyrolyzed at 1200-

1400 °C with different amount of TTIP addition.  

At 1200 °C pyrolysis temperature (Fig. 6(a)), for the pure SiOC sample, the conductivity 

increases from 10.39 to 201.49 S/m from room temperature to 950 °C, then decreases to 3.29 

S/m at 1200 °C. Based on the literature [32], decomposition of hydrocarbon fragments resulting 
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from the cleavage of the functional groups bonded to silicon (e.g., Si–C6H5, Si–CH3) leads to the 

precipitation of turbostratic carbon clusters, which are the main contributor to the electrical 

conductivity of Si-O-C ceramics. For SiOC-Ti-0.05, the conductivity ranges from 34.02 S/m at 

50 °C to 0.15 S/m at 1200 °C and achieves the highest electrical conductivity of 232.92 S/m at 

900°C. Compared to the pure SiOC, the increasing conductivity is a result of additional TiC  

(3.3x106 S/m, 20 °C [33]) formation and free (segregated) carbon content, which has been 

validated by our previous work [15]. With more TiC formation, the conductivity generally shows 

an increase from SiOC-Ti-0.05 to SiOC-Ti-0.20, although no obvious difference is observed 

between SiOC-Ti-0.15 and SiOC-Ti-0.20. As mentioned in our earlier work [15], the conversion 

from TTIP to TiC can lead to an increased free carbon content as well as structural 

transformation of sp3 carbon into sp2 carbon. The ordering, amount, and interconnectivity of the 

carbon network exert a major influence on the electrical conductivity [34, 35]. A higher fraction 

of carbon with sp2 bonds leads to higher conductivity for the pyrolyzed materials.  
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Fig. 6. Electrical conductivity for the SiOC, SiOC-Ti-0.05, SiOC-Ti-0.10, SiOC-Ti-0.15, and 

SiOC-Ti-0.20 samples after different pyrolysis temperatures in an argon atmosphere. 

 

At 1300 °C pyrolysis temperature, the electrical conductivity of the pure SiOC increases 

from 5.85 S/m (50 °C) to 243.53 S/m (850 °C) before decreasing to 0.94 S/m (1200°C). An 

increase is observed when compared to that of the 1200 °C pyrolysis temperature. This means 

that higher temperature promotes carbon cluster growth; edge-to-edge linkage of neighboring 

structural units may coalesce to form an interconnected network (cluster size to infinity) of 

turbostratic carbon ribbons in the matrix [36]. As for the Si-O-C-Ti system, the electrical 

conductivity still increases with the TTIP content. This has been explained based on increased 

carbon ordering, which can be confirmed by the Raman data shown in Fig. 7 for selected 

samples pyrolyzed at 1300 °C. The two Lorentzian peaks at ~1350 cm-1 and 1580 cm-1 are 

assigned to the D band and G band, respectively. The D’ peak centered at 1540 cm-1 is from the 

amorphous carbon structure [37]. Good curve fitting results (R2>0.95) are achieved. The 

decreasing peak area ratio (AD/AG from 4.21 to 3.19 from the pure SiOC sample to the SiOC-Ti-

0.20 sample) and the disappearance of the D’ band are important indications of a higher degree 
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of crystallization for the carbon structure in the Si-O-C-Ti samples. It is worth noting that SiOC-

Ti-0.20 achieves the highest electrical conductivity of 1176.55 S/m at 950 °C. To our best 

knowledge, it is the first report that the conductivity for Si-O-C-Ti ceramics is over 1000 S/m. In 

the previous study [15],  we in situ synthesized silicon oxycarbide (SiOC)–TiCxOy composites 

based on the pyrolysis of polysiloxane and carbothermal reaction between TiO2 nanoparticles 

and free carbon in SiOC. However, the conductivity of the SiOC–TiCxOy composites is 

suppressed to a certain degree because of the heterogeneous dispersion of the TiO2 particles in 

the polymeric precursor. In this study, the incorporation of titanium isopropoxide, which is an 

organic compound completely miscible with the polysiloxane, addresses the inhomogeneity issue; 

the electrical conductivity of the SiOC–Ti-0.20 sample is further improved. 

 

Fig. 7. Curve-fitting Raman spectra of different samples pyrolyzed at 1300 °C for (a) SiOC, (b) 

SiOC-Ti-0.05, (c) SiOC-Ti-0.10, (d) SiOC-Ti-0.15, and (e) SiOC-Ti-0.20 samples. 
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At 1400 °C pyrolysis temperature, Fig. 6(c) shows that the overall conductivity for the 

SiOC-Ti samples is lower than that of 1300°C. The maximum value, from SiOC-Ti-0.20, is 

measured to be 946.07 S/m. With more TiC formation (Fig. 2), higher pyrolysis temperature 

should lead to higher electrical conductivity. However, the electrical conductivity of the Si-O-C-

Ti samples is also dependent on the ordering, content, and interconnectivity of the carbon 

network. Higher pyrolysis temperature intensifies the carbothermal reaction between TiO2 and 

carbon (Eq. (2)) and damages the interconnectivity of the carbon network, which results in lower 

conductivity values. It also means that too high and too low pyrolysis temperatures are not 

conducive to high conductivity. At higher measurement temperatures than 850-950 °C, all the 

samples (Fig. 6) show a drastic conductivity decrease. This is caused by the breakdown of the 

conductive turbostratic carbon network under the electric field as well as the formation of a 

surface oxide layer [3, 15]. Also, the silver/palladium paste used as electrodes starts to thermally 

decompose at around 1000 °C. Higher-temperature resistant paste is still pursued in our study. 

 

4. Conclusions 

This work focuses on using a titanium complex as an additive to synthesize superior 

thermal stability and high electrical conductivity Si-O-C-Ti ceramics. The volume shrinkage is 

41-64.5%, the ceramic yield is 61.2-76.6%, and the resultant Si-O-C-Ti composite density is 1.8-

2 g/cm3. TTIP conversion to TiC increases with the increase of the pyrolysis temperature by 

carbothermal reaction. Unlike pure SiOC, all the Si-O-C-Ti composites pyrolyzed at 1200 and 

1300 °C are thermally stable up to 1000 °C in air with >99.80 wt% mass retention. However, 

these Si-O-C-Ti samples at 1400 °C pyrolysis temperature are less stable, especially when they 

consume the free carbon and ‘destabilize’ the SiOC system. The electrical conductivity increases 
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from room temperature to ~950 °C and then decreases due to the breakdown of the conductive 

path from the turbostratic carbon network. The maximum conductivity of 1176.55 S/m is 

achieved by SiOC-Ti-0.20 pyrolyzed at 1300 °C at 950 °C, in argon, which is the highest 

reported for the SiOC-based systems. The conductivity of the Si-O-C-Ti composites is related to 

the ordering, amount, and interconnectivity of the carbon network as well as TiC formation. 
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