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This study explores the phase evolution, carbothermal reduction, and energetics in SIO C._derived from the py-
rolysis of trimethylsilyl terminated polyhydromethylsiloxane (PHMS-TMS) from 1300 to 1600 °C. High-
resolution X-ray photoelectron spectroscopy (XPS) shows notable differences in the constituent bond arrange-
ment between the more Si-rich SiOC ceramics and the more C-rich SiOC ceramics, which subsequently affects the
microstructure of the SiOC systems. Carbothermal reduction starts at lower temperatures than previously re-

ported and indicates no phase separation of SiOC or formation of SiO_ nanodomains. The thermodynamic stabil-
ity of the thus-obtained SiOC ceramics is evaluated using a Gibbs free energy minimization method. The results
suggest that differences in silicon mixed bonding environments and their relative amounts (SiOZCZ, SiOCS, or
SiC4) lead to differences in thermodynamic stability.

1. Introduction

Silicon oxycarbide, which is an amorphous single-phase ceramic of
empirical formula Si0 C,, is composed of nanodomains of SiO_,
graphene-like C sheets, and mixed bond tetrahedra of Si-O/C [1-4]. At
high pyrolysis temperatures, it is generally accepted that the SiO, phase
reacts with the free carbon present to form SiC [5,6], which is the pri-
mary mechanism for SiC formation in polymer-derived ceramics [4]. At
temperatures greater than 1300 °C, there is a notable decrease in O
composition paired with the formation of $-SiC [7-9]. This is the well-
accepted carbothermal reduction of Si-O bonds by C=C/C-C and the
formation of SiC through Si-C bonds. However, the specific process in-
volved in the SiOC conversion to SiC and the roles of O and C are still
not understood [10].

Carbothermal reduction is characterized by two aspects: the reduc-
tion of SiO_ and the formation of p-SiC. There have been many theo-
rized reaction routes (Egs. (1)-(5)) that lead to the reduction of SiOZ.
Eq. (1) forms a SiO gas intermediate and Egs. (2-5) create SiC
[1,6-8,11].

Si0,(s) + C(s) — SiO(g) + CO(g) €Y
Sio(g) + 2C(s) — SiC(s) + CO(g) (2)
28i0(g) + 3C(s) — 2SiC(s) + CO,(g) 3

Si(s) + CO(g) — SiC(s) + 1/20,(g) 4
Si(s, L, g) + C(s) — SiC(s) 5)

Further, a few studies claim the formation of SiC as a result of the in-
teractions between the intermediate SiOXC4_x fractions [12]:

$i0,C, + Si0,C, — SiC, + SiO, 6)
$i0,C, + Si0,C— SiOC_ + SiO, %)
SiOC, + Si0,C— SiC, + SiO, ®)

The above reported processes assume that SiO ; and free C react and
O leaves the system as CO [7,8]. However, there is no evidence that
SiOC converts to SiO_ or Si nanodomains first and then reacts with free
C to form SiC. Furthermore, use of dopants (e.g., Ti) can accelerate the
formation of SiC in SiOC systems at lower temperatures without the for-
mation of SiO = structural units [13].

The current work aims to understand the carbothermal reduction
process of the SiOaCb matrix at > 1200 °C with the formation of stoi-
chiometric SIO C_using a more Si-rich PHMS-TMS precursor with low
or no free carbon phases. The energetics of these SiO_C, systems was
studied and their thermodynamic stability was analyzed by a Gibbs free
energy minimization method.
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2. Experimental procedure

A trimethylsilyl terminated PHMS (Fig. 1, PHMS-TMS,
MW = 1400-1800 g/mol, HMS-993, Gelest Inc., USA) was used as the
precursor. It is a comparatively carbon-deprived (20.00 wt% C in the
monomer) transparent liquid at room temperature and a commonly
used precursor to produce more Si-rich SiOC ceramics.

The PHMS precursor was mixed with 0.05 wt% Karstedt's catalyst
(2.1-2.4 wt% platinum-divinyltetramethyldisiloxane in xylene, Milli-
pore Sigma) in an ambient atmosphere for 30 min and stirred with a
magnetic stirrer at room temperature. The mixed solution was trans-
ferred into an aluminium pan and kept at 80 °C for 48 h for gelation.
Then the aluminium pan with the precursor was heated to 120 °C for
24 h to obtain a transparent monolith solid precursor. The resulting
sample was further shaped into pellets through a gel-cutting tool. After-
wards, the gel-cast samples were transferred to a vacuum oven for
crosslinking at 250 °C for 2 h at a heating rate of 2 °C/min. The
crosslinking of the samples was facilitated by the condensation reaction
due to air/moisture, and the hydrosilylation reaction initiated by the
vinyl and phenyl bonds present in the catalyst was responsible for the
crosslinking reaction. The detailed mechanism of the crosslinking for
pure PHMS samples was studied in previous work [14].

The crosslinked pellets were pyrolyzed at temperatures ranging
from 1200 °C to 1600 °C for 2 h in an alumina tube furnace (Inner di-
ameter 55 mm, Horizontal Tube Furnace, CM Furnaces Inc., Bloom-
field, NJ, USA) under an argon atmosphere (Industrial grade Ar,
99.99% purity, Airgas, Christiansburg, VA, USA). The selection of the
temperature range for this study was based on the combination of scien-
tific understanding need and relevance to potential applications. The
currently chosen precursor converts to SiOC in the range of 700-800 °C.
The obtained amorphous SiOC remains in an amorphous phase below
1100 °C but crystalizes (due to the rearrangement of the fractals,
Si0 C, ,x = 0-4) on further pyrolysis. Typically, the carbothermal re-
duction process starts above 1200 °C and SiOC converts to SiC at higher
pyrolysis temperatures. The rearrangement of the SiOC fractal structure
and the carbothermal reduction process involve molecular arrange-
ment, phase evolution, and mass loss. Thus, the analysis of the struc-
tural stability of SiOC from 1200 °C to 1600 °C is extremely important.
The temperature ramp rate and gas flow rate were maintained at 2 °C/
min and 300 ml/min during the entire heating and cooling process, re-
spectively. The samples were named as PHMS-XX00. In the sample
codes, e.g., in PHMS-1200, ‘1200’ indicates the pyrolysis temperature
of the sample in Celsius.

The pyrolyzed samples were milled with a sillimanite agate mortar
and the phases were identified by X-ray diffraction (Bruker XRD D8,
MA, USA) with Cu Ka radiation (A = 1.5408 i\) in the 20 range of
10°-80° with a uniform scan rate of 3° min-1 and a step size of 0.05". The
peaks were identified with reference to a crystal structure database
(ICDD). Polynomial fitting of the XRD curves per the Gaussian function
was performed to calculate the full width at half-maximum (FWHM) of
the maximum p-SiC peak intensity. The crystallite sizes of the phase
separated p-SiC were calculated using the Scherrer formula. We carried
out a series of studies using Fourier transform infrared spectroscopy,
thermogravimetric analysis [15-19], high energy XRD [20], Reactive
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Fig. 1. Molecular structure of the PHMS-TMS precursor.
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Force Field simulation [10,21], and 4D scanning transmission electron
microscopy [22]. Those studies, though insightful, did not provide ad-
ditional insight. Thus, in this study, the chemical compositions and
structures were detected by X-ray photoelectron spectroscopy (XPS,
PHI Quantera SXM-03, Kanagawa, Japan) using an Al Ka X-ray
(1486.7 eV) source with an analyzed area of about 200 pm in diameter.
The fractured surface of the samples was placed at an electron take-off
angle of 55°. Multiple survey scans at different locations of the samples
and the corresponding high-resolution peaks were obtained after Ar ion
milling in order to obtain the most accurate elemental compositions
and bonds. An electron flow of 20 pA was applied to the samples to
counter the electrostatic charge. High resolution peaks were fitted by
PHI MultiPak software. Further, the microstructure images were
recorded using scanning electron microscopy (SEM, JSM IT-500HR,
JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV. The SEM im-
ages illustrated morphological and structural changes of the Sio C,
samples at different pyrolysis temperatures.

3. Results and discussion
3.1. Phase evolution

The structural evolution of the SiOC ceramics derived from the
PHMS-TMS precursor is shown in Fig. 2. The SiOC ceramic pyrolyzed at
1200 °C (PHMS-1200) exhibits an amorphous structure. There is no
broad hump at ~22° 26 angle. This can be ascribed to the absence of
SiO ; nanodomains in the SiOC ceramic matrix [23]. The diffraction pat-
tern of the PHMS-1400 sample exhibits a pseudo-amorphous structure.
The small hump at 20 = 35.8°, albeit weak, is indicative of the forma-

| PHMS-1600 ]

Intensity [a.u.]
I
1

PHMS-1400

B PHI\.11IS-12D‘[)I
10 20 30 40 50 60 70 80
20 [°]

Fig. 2. X-ray diffraction patterns of PHMS-TMS pyrolyzed from 1200 °C to
1600 °C in argon.
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tion of SiC nuclei due to Si-O-C bond rearrangement in the SiOC matrix
[20].

The SiOC ceramic pyrolyzed at 1500 °C is pseudo-amorphous with a
weak peak at 26.2° 20 angle, representing the C phase (ICDD-00-075-
1621) in the SiOC matrix. The presence of merely discernible peaks of
B-SiC (ICDD-01-073-1665) indicates that B-SiC is embedded in the
amorphous SiOC matrix along with fine crystallites of free C. Further
pyrolysis of the PHMS-TMS precursor at 1600 °C converts the SiOC ce-
ramic matrix into $-SiC. The average crystallite size of SiC has been cal-
culated using the most intense peak of the crystallites. After 1500 °C
and 1600 °C pyrolysis, the sizes of SiC nucleated and phase separated
from the SiOC matrix are 3.1 and 18.6 nm, respectively. Also, the dras-
tic increase in the size of crystalline SiC in SiOC demonstrates phase
separation, crystallization, and decomposition of the SiOC matrix,
which involves the carbothermal reduction of different Si-O and Si-C
bonds present in the SiOC systems.

3.2. Atomic bonding change

The XPS survey patterns of PHMS-1200, PHMS-1400, PHMS-1500,
and PHMS-1600 are given in Fig. 3. Fig. 3a shows the presence of Ols,
Cls, Si2s, and Si2p peaks for all the samples. The corresponding atomic
concentrations of the respective elements are shown in Table 1, which
indicates that PHMS-1500 has the highest Si concentration. The free C
present in the SiOC system was calculated as described in previous liter-
ature [24-27]. PHMS-1500 shows a C/Si ratio at ~0.6 and has no free
C. PHMS-1600 has a C/Si ratio of ~1 and a small amount of free C. Also,
the concentration of O (O/Si) consistently decreases as the pyrolysis
temperature increases.

Deconvolution of the Si2p spectra (Fig. 3b) of PHMS-1200 and
PHMS-1400 yields three peaks at ~101.8, ~101, and ~100 eV, corre-
sponding to the Si0,C,, SiOC,, and SiC, phases, respectively [28].
There is a gradual right shift of the Si2p spectra for the pyrolyzed PHMS
samples. The Si2p peak at ~98.5 eV indicates the Si-Si . peak in the
PHMS-1600 sample [29].

The content of the SiC, phase calculated from the peak area in-
creases from 17.8% to 79.3%. The content of Si—Si4 calculated from the
peak area ratio is 8.5%. There is no evidence of SiO, and SiO_C phases
in the SiOC samples. On the contrary, elemental “Si” is observed in the
SiOC matrix at higher pyrolysis temperatures. The exact state of Si can
be understood as follows. The amorphous Si peak generally shows a
broad hump at ~28.4° of 20, which is absent in the diffraction pattern of
SiOC at 1600 °C (Fig. 2). Also, Si cannot remain in an amorphous state
at such a high temperature (~1600 °C). However, the Si peak area ratio
with SiC is significant enough in the XPS plot (Fig. 3), implying that a
reasonable amount of Si is present in the SiOC system. This suggests
that Si is neither in the amorphous state nor in the phase separated state
(elemental Si). Thus, we conclude that the “Si” present here is not
phase-separated from the backbone of the Si-O-C units, rather it re-
mains as C -Si/Si-Si_mixed bond in the Si_C network (since there are
no Si diffraction peaks in the XRD results). Regardless, there is no evi-
dence of Sio, phase present at any pyrolysis temperature. This contra-
dicts the generally accepted carbothermal reduction understanding in
the more Si rich-SiOC systems (Egs. (1)-(5)) [1,6-8,11]. Previous stud-
ies reported that with temperature increase, both SiC, and SiO  units in-
crease [30-32]. However, for the current system, there is no SiO 4 clus-
ter present. Also, the O-containing unit fractions decrease in the PHMS-
derived SiOC system. This is supported by the XRD results (Fig. 2) in
that the hump at 22° of 20, which is due to the presence of tetrahedral
Si~O/Si~C units in SiO_C, shifts towards right with the increase of py-
rolysis temperature.

Fig. 3c shows the high resolution XPS Cls peaks of the pyrolyzed
PHMS samples. Si-C, C=C, and C-C bonds in SiOC are at ~281.5,
~282.6, and ~284.7 eV, respectively. The Cls peak gradually shifts
towards the lower binding energy with increase in the pyrolysis tem-
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perature. This indicates a transition from a more electronegative envi-
ronment to a less electronegative one, i.e., O-containing bonds with Si
decrease in the SiO ,C, matrix with pyroly51s temperature increase.
Also, a decrease in C=C bonds with pyrolysis temperature increase
(Fig. 3c) and O from the SlO C system indicate their removal, most
likely in the form of CO/CO,. " The PHMS-1500 and PHMS-1600 sam-
ples contain mainly Si-C (of SIC units) and C=C bonds (residual car-
bon).

Fig. 3d shows the Ols peaks of the sample spectra. The correspond-
ingly deconvoluted spectra exhibit the presence of Si-O and C=0
bonds at ~530.7 eV, and ~531.5 eV binding energy, respectively. A
shift to lower binding energy suggests that the oxygen atoms are experi-
encing a decrease in the attractive force from the nucleus, which can be
associated with electron donation or a decrease in the electron attrac-
tion nature of neighbouring Si atoms. Thus, the O1s peak shift towards
lower binding energy demonstrates the removal of O-containing Si
bonds with pyrolysis temperature increase. The C-O bonds may corre-
spond to bond signatures from foreign oxygen/CO, absorbed on the
sample surface as reported previously [28,33]. Fig. 4 shows the model
for structural evolution during the carbothermal reduction of the SiOC
system in this study.

Overall, the XPS spectra show the formation of Si-C bonds and the
elimination of C-O and Si-O bonds with increase in pyrolysis tempera-
ture. For the Si-O and C-O bonds, the intensity of the C-O bonds de-
creases rapidly, indicating the release of CO/CO, from the SiOC struc-
ture during the carbothermal reduction of SiOC. Further, there is no ev-
idence of Si—O bond increase or formation of SiO units in the structure,
implying the absence of segregation and clustering of O-rich and C-rich
SiC O4 units in the SiOC network. Therefore, the formation of SiC or
transformation of SlOaCb to SiC is not driven by the phase separation or
formation of SiO clusters or SiO_ nanodomains. Rather, it depends on
the thermodynamical stability of Si-O, C-O, and Si—C bonds or interme-
diate SiOXCy fractions present in the system.

3.3. Thermodynamic stability

From a different perspective, energetics of a Si-rich PHMS-TMS de-
rived SiOC phase can provide an important understanding to their ther-
modynamic stability at high temperatures. Since the H content in the
SiOC is negligible for samples pyrolyzed at 1000 °C and above [34], the
SiO Cb compositions from the XPS results can be used for the thermody-
namic calculation [35]. Here, we consider the thermodynamic stability
of the SiOC relative to a mixture of probable nanodomains of SiC, SiO Ny
and C e (Eq. (2)) in order to calculate the intermediate phase fractions

present in the Si0_C, system. The Gibbs free energy of formation, AGy,
is generally written as:

AGy (T)= Ay (T) = TAS;(T) (10)
Where AS is the entropy of formation. AS; can be calculated by the
following equation [36,37]:

4
AS; = —RZ/; (DIn(fi (T)) 1)
i=0
Here, f; (T) (i = 0-4) is the fractions of SiOny as SiO @ /2Ci /4 do-
mains and R is the gas constant. f; (T) has been computed by using the
Gibbs free energy minimization code through Mathematica software as
described previously (also provided in the supplement) [9,27,38]. The
overall Gibbs free energy of the amorphous SiO_C systern can be repre-
sented as:

4 4
AG, = ;/,i(T) -G,(T) +RT;/§(T) -log f;(T) 12)
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Fig. 3. (a) XPS survey spectra of the PHMS-TMS derived SiOC samples pyrolyzed at 1200 °C-1600 °C. The corresponding high-resolution spectra of (b) Si2p, (c) Cls,

and (d) Ols.

<

Table 1
Elemental compositions of the SiOC samples at different pyrolysis tempera-
tures.

value for PHMS-1400 and confirms the corresponding SiOC thermody-
namic stability (at 1400 °C) with respect to crystallization. The en-
thalpy of formation for the SiOC systems becomes less exothermic, and
the Gibbs free energy of formation continuously increases with the in-

Samples Element Content (at%) Empirical formula C/Si  O/Si
] crease in pyrolysis temperature. Therefore, PHMS-1200 and PHMS-
S o ¢ 1400 are thermodynamically more stable compared to PHMS-1500 and
PHMS-1200 2442 4609 2049 SO C +115C 121 189 PHMS-1600.
PHMS-1400 233 2369 5299 SiO C' +0.53C 227 102
PHMS-1500  41.05 3422 2473 SiO C 0.60 0.83 3.4. Microstructure evolution
PHMS-1600  39.73 2218 38.09 SiO__C__ + 0.24C_ 0.96 0.56

The Gibbs free energy of formation and thus f; (T) obtained are
listed in Table 2. The configurational entropy value for PHMS-1400 is
the highest among all the SiO_ C_compositions obtained after pyrolysis.

The ceramics obtained after pyrolysis at different temperatures are
glassy and brittle (Fig. 5). The micrographs of PMHS-1200 (Fig. 5a),
PHMS-1400 (Fig. 5b), and PHMS-1500 (Fig. 5¢) show that the samples
are dense. However, at 1500 °C (Fig. 5c), uniform nanopores with ran-

y ) .
Further, the calculated “T A.S?} ”"at 1400 °C shows the highest negative dom nano-cracks can be observed. Furthermore, the SEM image of
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Fig. 4. Illustration of structural changes in SiOC during conversion of SiOC to SiC.

Table 2
Fractions (f;) (i = 0-4) of component SiO C

@iy2 /4 of the SiOC domains (SleCy) used for estimating the configurational entropies AS[ and the e tropy terms -1
ASy of the SiOC samples.
f € P

Samples f f 5 f fa AG (kJ-K-1-mol-1) AH; (kJ-K-1-mol-1) AS; (J-K-1-mol-1) -T ASy (kJ-mol-1) at 1400 °C
PHMS-1200 0.79 0.13 0.05 0.02 0 -327.10 —318.78 1.35 —9.45
PHMS-1400 0.14 0.21 0.26 0.33 0.06 —224.61 —-203.92 12.37 -20.7
PHMS-1500 0.07 0.14 0.24 0.43 0.12 —196.02 -175.10 11.81 -19.77
PHMS-1600 0.02 0.07 0.18 0.49 0.24 -163.36 —143.65 10.51 -17.60
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Fig. 5. SEM micrograph of PHMS-TMS pyrolyzed at (a) 1200 °C, (b) 1400 °C, (c) 1500 °C, and (d) 1600 °C. The right-hand sides of (b) and (d) are the corresponding
high-resolution SEM images of the samples pyrolyzed at 1400 °C and 1600 °C, respectively.

PHMS-1600 (Fig. 5d) shows the presence of open pores. This porous
structure of the sample is due to the phase separation as well as the car-
bothermal reduction of the SiOC sample to SiC at this pyrolysis temper-
ature. The high-resolution SEM image of PHMS-1400 shows a uniform
and crack-free microstructure (Fig. 5b), yet a few nanopores (shown
with arrows) are observed. However, the high-resolution microstruc-
ture of PHMS-1600 (Fig. 5d) shows aggregated particles. Pores of
0.5-1 pm (shown within the circles) can be seen throughout the micro-
graphs. These pores or cracks are primarily due to phase separation and
carbothermal reduction of SiOC ceramics. Predominantly, CO gas re-
leases during carbothermal reduction along with CO, (as shown in Egs.

(1)-(3).
4. Conclusions

This study explores the structural evolution of PHMS-TMS (a rela-
tively Si-rich precursor) derived Si0, G, during pyrolysis. The SiOC ob-
tained is of stoichiometric composition at 1500 °C. There is a deficiency
of SiO , Units among all possible mixed SiOC units. A crystalline p-SiC
phase is observed at 1600 °C. The carbothermal reduction process (the
conversion of SiOC to SiC) starts at lower temperatures and indicates no
phase separation of SiOC or formation of SiO  (SiO_ nanodomains). The
carbothermal reduction process into the more Si-rich SiOC system is
driven by the elimination of C-O bonds followed by S-O bonds and thus
is a continuous process. Further, the carbothermal reduction process re-
duces the thermodynamic stability of SiO ,C, ceramic. The thermody-
namic stability of the PHMS-TMS derived Si0 G, is highest for pyrolysis
temperatures below 1400 °C. Also, carbothermal reduction creates
porous SiOC/SiC structures at pyrolysis temperatures above 1400 °C.
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