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Abstract

Silicon oxycarbide (SiOC) is a unique system that can generate various compositions and
microstructures via different polymeric precursors and pyrolysis conditions. However,
understanding of the atomic structure evolution, such as cluster formation, phase evolution, and
atomic coordination, is lacking. In this study, cluster evolution and atomic coordination for
different S1OC ceramics pyrolyzed at 1200°C and 1500°C were investigated by high energy X-ray
diffraction (HE-XRD) and radial distribution function (RDF) analysis. A new Reactive Force Field
(ReaxFF) molecular dynamics modeling approach was developed to understand nanocluster
separation and early-stage atomic radial coordination. For the first time, we demonstrate that
orthorhombic SiO; forms and converts to growth resistant amorphous SiO,. Cubic B-SiC also
forms at lower temperatures than reported, along with a minor amount of hexagonal SiC that has
never been reported. The RDF data support such phase evolution understanding. ReaxFF
simulation provides direct data on atomic mixing, elemental separation, and effects of precursor
molecular structures and compositions, especially in the early stage of the pyrolysis. The simulated
RDF data complement the experimental data, revealing the significant presence of C-H bonds

along with Si-O and C-C bonds.
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1. Introduction

In recent years, polymer-derived ceramics (PDCs) have attracted much attention due to
their wide application potentials in energy [1, 2], environmental barrier coatings [3, 4],
MEMS/NEMS devices [5, 6], biomedical engineering [7, 8], and electromagnetic interference
shielding [9, 10]. Compared to conventional ceramics made by powder sintering, PDCs
synthesized from polymeric precursors permit lower processing temperatures and offer great
flexibility in controlling component sizes, shapes, and compositions [11, 12]. One outstanding
class of PDCs is silicon oxycarbide (SiOC), an intriguing system with a three-dimensional
covalently bonded structure consisting of silicon, oxygen, and carbon [13-15].

The ceramization of the most common precursor, polysiloxane, in a non-oxidizing
atmosphere results in the formation of SiOC ceramics, and their compositions are determined by
the pyrolysis temperature [16], atmosphere [17-21], and heating method [15, 22, 23]. Broadly
speaking, a variety of C-H, Si-C, and Si-O bonds cleave at less than 1000°C and lead to the
formation of free carbon dispersed in an amorphous SiOC matrix. When the temperature increases
to 1100°C, the system is composed of amorphous SiOC clusters, free carbon, and amorphous SiO»,
which experience further microstructural evolution at higher pyrolysis temperatures and lead to
the formation of nanocrystalline SiC, presumably at >1300°C [24]. Extensive work has been
carried out to study the atomic structures of SiOC, such as by X-ray scattering and nuclear

magnetic resonance (NMR) [25-27]. All the studies agree that SiOC materials contain SiCxOasx



tetrahedra along with carbon domains, further supported by '*C and 2°Si NMR measurements [28].
However, many studies also claim SiOC phase separation [15, 22, 29, 30] even though detailed
atomic structure and phase evolution of SiOC materials remain evasive. Conventional structural
characterization techniques cannot distinguish nanosized phases, atomic level clustering, and
atomic coordination. Excitingly, HE-XRD experiments using a synchrotron light source offer
improved sensitivity and resolution of diffraction peaks because of the high flux, tunable, and well-
defined wavelength, as well as better collimation of synchrotron radiation [31]. This approach has
great potential in clarifying the structural evolution of SIOC materials and obtaining new insights
into the phase evolution of different nanoclusters within these materials. It can also offer atomic
level radial distribution insight.

From modeling point of view, density functional theory and molecular dynamics
approaches [32-35] have been used to provide the atomic structure of a precursor-derived
amorphous ceramic. However, the simulated system sizes were inconsistent with the actual sizes
of the phases, and the effects of chemical compositions on the evolution of these nano-sized
structures need to be understood. Among several empirical potentials available for molecular
dynamics (MD) simulations of covalent materials, the Tersoff potential provides a description of
the crystalline and amorphous phases [36-39]. The total energy E of a system is expressed in terms

of summation of atomic pair interactions Vj; between atoms 1 and j

E= %21';:]' Vij where Vi; = fe(rij) [fa (ri) + bijfa(ry)] (1)
rij is the distance from atom i to atom j. V;jj is composed of a repulsive part fr and an attractive part
fa, and f; is a smooth cutoff function to limit the range of the potential. However, for the polymer-
derived pyrolysis process, such an interatomic potential is too simplistic [36-39]. There are several

interatomic forces that have not been considered. For example, Zhang et al. [40] investigated the



structural features of an amorphous SiBOC ceramic by large-scale molecular dynamics (MD)
calculations using the Tersoff potential, which uses a short-range pair potential to represent
covalent bonding. Compared to the Tersoff potential which only considers the angular location of
neighbor atoms relative to the bond axis, the ReaxFF potential [41] is more suitable for the
simulation of PDCs, thanks to the consideration of a range of additional chemical bonding features,
such as hydrogen bonding and bond conjugation. It is an empirical force field that allows for fully
reactive atomistic scale molecular dynamics simulations of chemical reactions [42, 43]:
Esystem= Evond + Eover-coordination T Eunder coordination T Evalence angle T Epenalty T Etorsion T Econjugated energy +
Evawaats + Ecoutomb (2)

The energy potential functions associated with each of these partial energy contributions
are developed by fitting against a training set comprised of both quantum mechanics (QM) and
experimental data. This force field can simulate Si—C—O and Si—O-H bond interactions [44] and
consider both reaction energies and reaction barriers. It allows evaluation of precursor effects on
the elemental compositions, and more importantly, the phase distributions of the resulting SiOC
systems. Furthermore, the ReaxFF method is several orders of magnitude faster than QM-based
simulations, which enables larger-scale (>>1000 atoms), fully dynamic simulations of chemical
reactions [42, 43]. Thus, the ReaxFF potential approach is perceived to be more suitable for
describing the tetrahedral structure of SiOC systems.

From simulation technique point of view, there has been simulation of PDCs from a
bottom-up approach [45, 46], which involves the creation of the starting polymer structures.
Afterwards, the system is heated and allowed to stay at highly elevated temperatures between 1800
and 2500 K where Si-C bond breakage is readily observable [47]. The pressures in the systems are

kept high or the volumes are constrained to prevent the system from expanding continuously.



While the simulation is running, scripts are run periodically to selectively delete atoms belonging
to smaller molecules such as methane and ethene groups (evaporative gases). However, such
simulations have been carried out with relatively small systems of less than 80,000 starting atoms
[40]. A more recent study with the ReaxFF approach reported amorphous end structures with
comparable compositions to experiments. There was distinct phase separation between the carbon
and SiOC phases [46]. Regardless, more systematic simulation work is needed in order to
understand atomic structural unit evolution, radial distribution function, and bonding of different
structural units.

In this study, synchrotron HE-XRD was used to explore the atomic structures and phase
evolution of SiOC ceramics as a function of carbon content and pyrolysis temperature. Large-scale
ReaxFF simulations were conducted to investigate the amorphous plus nanocluster structures of
SiOC with different carbon content. The results from the experiments and the simulations were
compared to understand the fundamental processes of the phase evolution and atomic bonding

differences during pyrolysis of different carbon content precursors.

2. Experimental part
2.1. Materials synthesis and pyrolysis

Different carbon-containing polymer precursors were used to create SiOC ceramics. The
chemicals included polyhydromethylsiloxane (PHMS) that contained 20.00 wt% of carbon species
in the monomer unit, polyvinylmethylsiloxane (PVMS) that contained 41.86 wt% of carbon in the
monomer unit, and vinyl-terminated polymethylphenylsiloxane (PMPS) that contained 61.76 wt%
of carbon in the monomer unit. These chemicals were purchased from Gelest Inc. (Morrisville, PA)

and used without further purification. Commercially available polysiloxane SPR-684 Polyramic®



(PSO, Starfire Systems, Inc.) that contained 59.55 wt% carbon in the monomer unit was also used
as the preceramic polymer. The molecular structures of the polymer species are given in Fig. 1. A
solution of 2.1-2.4 wt% platinum—divinyltetramethyldisiloxane complex in xylene (Gelest Inc.)

was further diluted in toluene and used as a catalyst at 1 wt% of polymer precursors.
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Fig. 1. Molecular structures of the polymer precursors used in this study.

85PVMS/15PHMS and 85PMPS/15PHMS samples were synthesized by the Pt-catalytic
reaction between PVMS (or PMPS) and PHMS with the weight ratio of 85:15. Pure PSO was used
as the single precursor. Overall, the precursor carbon content was in the order of $SPVMS/15PHMS
at 38.58%, 85PMPS/ISPHMS at 55.50%, and PSO at 59.55%. Specifically, for the polymer
precursor crosslinking, PVMS (or PMPS) was mixed with PHMS with magnetic stirring at room
temperature until a homogeneous mixture was formed. After that, a diluted (2.5 ppm) Pt catalyst
solution was slowly added in the mixed solution (1 wt% relative to precursors) and magnetically
stirred at 250 rpm for 2 hrs. Likewise, PSO samples were also prepared by magnetic stirring the
PSO precursor and catalyst at 250 rpm for 3 hrs. Next, the corresponding solutions were poured
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into cylindrical molds made by aluminum foil, respectively. The filled aluminum molds were
vacuumed to remove any interior bubbles before crosslinking. The samples were first kept at 50°C
for 12 hrs. After that, they were heated to 120°C and kept at this higher temperature for 12 hrs. The
crosslinked samples were labeled as 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO, respectively.

For pyrolysis, the 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO samples were put in a
ZrO> crucible covered by graphite paper. The crucible was then placed in a controlled atmosphere
tube furnace (model No. 1730-12, CM Furnaces Inc.) for 2 hrs at two temperatures, 1200°C and
1500°C, respectively. The heating and cooling rates were kept the same at 2°C/min in a flowing Ar

atmosphere.

2.2. Characterization

The synchrotron HE-XRD characterization was conducted at the 11-ID-B beamline at the
Advanced Photon Source (APS, at the Argonne National Laboratory). A high-energy X-ray beam
(~58 keV, L = 0.2128 A) was used in combination with a large amorphous silicon based area
detector (PerkinElmer) to collect X-ray scattering data to high values of momentum transfer (Qmax
~22 A). The scattering images were reduced to one-dimensional data within FIT2D using CeO; as
a calibration standard. The data were corrected for background scattering. The G(r) function was
extracted from the background and Compton scattering corrected data, following Fourier

transformation using PDFgetX2. The PDFs were subsequently modeled using PDFgui [48-50].

2.3. Simulation
There were multiple steps necessary to simulate the pyrolysis of a PDC system. Here, we

use the PSO system as an example. The 85PVMS/15PHMS and 85PMPS/15PHMS systems



followed the same procedure. To start, an idealized linear version of the SPR-684 PSO system was
created using Python, and then allowed to relax through simulation. The relaxation step was used
to decrease the steric stress created by the idealized structure. During the simulation, the ReaxFF
force field originally created by Van Duin et al. [43] was utilized in conjunction with LAMMPS
[51], a massively parallel software used in molecular dynamics simulation. The particular force
field used was provided from Van Duin’s group [46] and optimized specifically for polymer-
derived SiOC systems. An NPT system was created where the pressure was set to 1 MPa isostatic
pressure while the temperature was set to 300 K. This allowed for the distributed polymer strands
to condense and form a dense polymer. The system was allowed to rest for 20 ps with the timestep
at 0.2 femtoseconds, making the total number of timesteps 100,000. After the initial densification,
the system was further expanded by duplicating the linear polymer 7 times and distributing the extra
chains in random orientations around the original. The system was allowed to consolidate to
increase the density of the polymer system before the pyrolysis. Each polymer system was at
roughly 12,000 atoms after these steps. The systems were then expanded in one last step to 90,000-
100,000 atoms to allow for a larger sample size. A final consolidation step was run for 500,000
timesteps at 1 MPa isostatic pressure and 300 K. The timestep used was 0.2 fs. With the initial
polymers ready, the polymer systems were ready for simulation of pyrolysis.

To simulate the pyrolysis, it became necessary to run LAMMPS integrated with Python to
periodically identify and delete the gas species that would be formed during heating. The system
was heated from 300 K to 2000 K in a NPT system where the Si-C bond was readily observed to
be broken [47]. This took place over the course of 0.2 ns simulation time with a timestep of 0.2 fs.
During this heating phase, molecules that were below the molecular weight threshold of 40 g/mol

were deleted at 5 ps intervals. To accelerate the rate of bond breakage and allow for phase formation



to be observed in reasonable simulation time frames, the system was further heated to 2400 K at a
much slower rate of 0.4 ns. The threshold for gas deletion was also increased to 80 g/mol at the end
of the heating phase to include larger carbon species, and the interval of deletion was also increased
to 10 ps. The system was then allowed to stay at 2400 K for a full nanosecond with the gas deletion
criterion remaining the same. Throughout the heating phase and the temperature holding phase the

pressure was increased to 2000 atm to prevent foaming of the system.

3. Results and Discussion
3.1. Phase evolution

The HE-XRD patterns for the pyrolyzed samples and illustration of the related crystal
structures are shown in Fig. 2. The high-flux and high-energy X-rays enable detection of smaller
length scale features because of their deep penetration and low absorption [52]. As shown in Fig.
2a, crystallite SiO> with an orthorhombic structure (JCPDF 00-043-0784, Fig. 2b) is detected in
all the samples. This crystalline phase is the first new finding that has not been observed by
conventional XRD [53-55], which can only detect amorphous SiO; that has a diffused halo peak
at 22-23° [56] [22]. A major reason is that HE-XRD can identify diffraction peaks at <10° 20
angles. Since synchrotron XRD can detect phase domains from the nanometer scale, it provides
better sensitivity and resolution than conventional XRD. According to the persistent peak presence
and distinct peak intensity that can be indexed to orthorhombic SiO2, we believe that crystalline
Si0, forms without the widely presumed SiOC phase separation through Eq. (3) that leads to
amorphous SiO. This is a new finding and consistent with the absence of SiC peaks for the
85PVMS/15PHMS and 85PMPS/15PHMS samples after 1200°C pyrolysis even though they have

sharper orthorhombic Si0O2 peaks. Such experimental results also mean that there is no SiOC phase



separation. The orthorhombic SiO; formation is fundamentally in agreement with the presence of
expected tridymite phase that should be stable from 870-1470°C. SiO> (both orthorhombic and
amorphous SiO7) are possible in the polymer-derived SiOC systems. We believe that SiOC
tetrahedrals (SiO3C, Si02C,, SiOCs3) form through free carbon diffusion into the SiO» atomic
structure. This means that SiO; forms first and different types of SiOC tetrahedrals form after that.
Eq. (3) does not exist because the amorphous SiO2 halo does not increase with pyrolysis
temperature increase.
SiOC — amorphous SiO; + C + beta-SiC 3)

For the samples pyrolyzed at 1200°C, a broad halo at 20.0-27.5° is detected. It can be
further deconvoluted into two signals located at ~22.15° and 26.11°. The former has been reported
from conventional XRD analysis [24, 57, 58] and is designated as amorphous SiO,/SiOC
tetrahedrals. This should result from the initial amorphous SiO» formation and diffusion of carbon
into the SiO> open structure, leading to SiOC formation. The latter 26.11° peak belongs to the (002)
plane of graphitic carbon with the P63/mmc space group (JCPDF card 00-034-0567). This halo
peak right shifts for the PSO sample, meaning that the high carbon content precursor has induced
more carbon diffusion into the open structure of SiO» and formation of carbon-rich SiOC
tetrahedrals. The shifting center of the ~22.15° halo should originate from the transformation of
S10,/S10C tetrahedrals; the specific halo center position is a function of the relative dominance of
Si04/S103C/Si02C2/Si0C;3 tetrahedrals. The right shift of the halos means the consumption of the
oxygen-rich tetrahedrals, such as SiO4/Si0;C species, and formation of the carbon-rich
tetrahedrals, such as Si0>C, and SiOCs. This observation is consistent with the results in Figs. 3
and 5 that show high C-C peaks from the RDF results. Simultaneously, orthorhombic SiO; is

consumed and the corresponding XRD peak becomes weaker, the second finding in this study.
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With the continuation of carbon diffusion into the more open-structured SiOC tetrahedrals, oxygen
may be completely replaced and SiC4 may form, as shown by the B-SiC peak at 1200°C, which is
at a lower temperature than the generally accepted 1300°C for the PSO sample. Thus, the presumed
separate processes for SiC formation during the SiOC formation process, SiOC phase separation
and SiO» carbothermal reduction, are in fact a continuous and integrated process of SiO> and
carbon carbothermal reduction. In our earlier work [15, 22, 30], phase separation was also assumed

due to the lack of high resolution techniques such as HE-XRD.
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Fig. 2. a) Experimental HE-XRD data for SiOC ceramics with different carbon contents,

pyrolyzed at 1200°C and 1500 °C in Ar. b) Crystal structures of different SiO> phases.

The third finding is that for the 1200°C pyrolyzed samples, the 8SPVMS/15PHMS and
85PMPS/15PHMS samples have sharper orthorhombic SiO» peaks at 8.6-9.8° while the PSO
sample has the most visible graphitic carbon peak. This is consistent with the carbon content
difference in the precursors. For the 85SPVMS/15PHMS and 85PMPS/15PHMS samples, the
carbon content is lower. Thus, the orthorhombic SiO> peak is sharper due to the relatively higher
silicon content in the precursors. For the PSO sample, the carbon content is the highest. As a result,
the graphitic carbon peak is most visible. Again, such observations are consistent with the results
in Figs. 3 and 5. This last observation also holds true for the 1500°C pyrolyzed samples. In addition,
the samples pyrolyzed at 1500°C show weaker orthorhombic SiO; peaks compared to those
pyrolyzed at 1200°C. This indicates that orthorhombic SiO; is consumed with the formation of
cubic SiC through carbothermal reaction, as discussed below.

A general notion is that Si0O; is resistant to crystallization and growth in SiOC systems,
mostly staying at <5 nm size [17-19, 56, 59, 60]. This is likely because the Si0; phases (crystalline
and amorphous) are prone to the inward diffusion of carbon during pyrolysis. Assuming that SiO»
first forms as amorphous nanoclusters of <5 nm size, which is very likely considering the strong
tendency of SiO; to stay amorphous/glassy, carbon diffusion causes its conversion to SiOC before
it can grow and crystallize.

For the 1200°C pyrolyzed SiOC sample from PSO, cubic SiC crystallites (Fig. 2b) are
detected based on the peaks at ~35, 60, and 72° 20 angles. This phase identification is consistent

with the conventional XRD data [53-55]. The fundamental process is through the well-known
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carbothermal reaction between SiO» and carbon (Eq. 4). The SiOCs pyrolyzed from
85PVMS/15PHMS and 85PMPS/15PHMS have no discernible peaks at these 26 angles simply
because there is not enough free carbon for the carbothermal reduction.

Amorphous SiO; + C — B-SiC + CO1 4)

The much lower pyrolysis temperature (1200°C) for the cubic SiC formation is the fourth
finding. From the conventional XRD analysis, the cubic SiC phase is not detected until at least
1300°C [61-64]. In this work, SiC is present at 100°C lower temperature than that reported by
previous studies. This result demonstrates more sensitive phase detection capabilities from HE-
XRD. More importantly, the SiC formation shows to be easier than generally known.

The last key finding is the detection of hexagonal SiC (Fig. 2b), which has not been
reported in polymer-derived SiOC systems even though it is a more stable phase at the reported
pyrolysis temperatures. This is likely because the cubic B-SiC crystallite size is too small and
remains stable even at low temperatures. With a high carbon content (for the 1200°C pyrolyzed
PSO system) or at a high pyrolysis temperature, such as 1500°C for all the samples, the cubic -
SiC crystallite size might have the tendency to grow to a large enough size (based on the sharper
peak) for its phase transformation into hexagonal SiC. However, the small SiO: cluster size
dictates the small size of the SiC crystallites, especially considering that SiC crystallites will likely
be smaller because SiO3;C, Si0,C», and SiOC3 have to form first. For the starting PSO precursor,
which has a higher carbon content than 85PVMS/15PHPS and 85PMPS/15PHPS, the formation
of SiC through carbothermal reduction is more likely. Thus, the SiOC derived from PSO has the
most visible SiC peaks with two SiC phases (cubic and hexagonal, Fig. 2b). For the
85PVMS/15PHPS system, only very weak cubic SiC peak is observed. However, as the precursor

changes to 85PMPS/15PHPS at 1200°C, only hexagonal SiC is observed. This indicates that
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hexagonal SiC can form before cubic SiC. The phase appearance is not just a function of pyrolysis
temperature but also a function of Si:C ratio.

As for the samples pyrolyzed at 1500°C, the relative intensity of the diffraction peak
located at 43.40° is slightly enhanced or unchanged while the 35°C peak intensity decreases with
increasing carbon content from 85PVMS/15PHMS, to 85SPMPS/15PHMS, and to PSO. This means
that higher pyrolysis temperature decreases cubic SiC formation. Carbon content also increases
the hexagonal SiC amount and decreases the cubic SiC amount dispersed in the SiOC matrix,

consistent with the general thermodynamic knowledge.

3.2. Radial distribution function analysis

RDF represents probability of atomic coordination for a chosen center atom along the radial
direction. By comparing the RDFs from different samples, such as by comparing the relative
intensities of the peaks at different atomic coordination locations, the fine features of the atomic-
scale structure and atomic coordination/bonding can be revealed, including interatomic bonding
and the presence of local atomic disorder. The bond distance and coordination number can be used
to analyze the phase evolution of SiOC ceramics with respect to the carbon content at different
pyrolysis temperatures. The relative intensity reveals the dominance of different interatomic bonds.

The RDF data of the samples pyrolyzed at 1200°C and 1500°C are shown in Fig. 4. These
peak positions are consistent with those reported in other studies, such as 1.42, 1.60, and 1.87 A
for C-C, Si-O and Si-C bonds respectively [65, 66]. All the bonds confirm the phases obtained

from the HE-XRD results.
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g(r) curve, the C-C bond peak from hexagonal SiC is relatively higher in intensity than that of Si0-
from orthorhombic SiO», suggesting more SiC ordering. The Si-O bond peaks in the medium radial
distance range mean that the Si-containing tetrahedra are mostly corner-shared. The difference
between Fig. 2 and Fig. 3 regarding orthorhombic SiO: is because Fig. 3 just shows the O-O bond
intensity, not necessary the orthorhombic SiO; phase amount. Some O-O bonds could come from
the long-range bonds in SiOC, especially considering the relatively lower intensity of the Si-O
bond for the 8SPVMS/15PHMS sample pyrolyzed at 1500°C. For the 8SPMPS/15PHMS sample,
the Si-O bond peak for the orthorhombic SiO, peak slightly decreases, consistent with the HE-
XRD result in Fig. 2 that shows the decreasing peak intensity of the crystalline SiO». In addition,
the graphitic C-C bond peak intensity at 2.48 A consistently increases from 85PVMS/15PHMS to
the 8SPMPS/15PHMS and then to PSO, reflecting the increasing carbon-rich nature for the three
systems. The intensity increases for the Si-C and C-C bonds from hexagonal SiC and the Si-O and
0O-0 bonds from orthorhombic SiO; at 1500°C pyrolysis simply indicate long-range ordering and
thus increased crystallinity of the systems. The PSO sample has the least bond peak changes except
for slight C-C bond intensity increase for hexagonal SiC. The less long-range ordering
development for PSO after 1500°C pyrolysis is due to the already developed ordering (considering
the high intensity bond peaks, especially in the long range) and the carbon-rich nature of the system,
which may have hindered further atomic diffusion.

It should be noted that at 1200°C pyrolysis temperature, atomic ordering has no direct
correlation with the starting precursor carbon content. 8SPMPS/15PHMS has similar (or slightly
poorer) atomic ordering compared to 8SPVMS/15PHMS even though its initial carbon content is
close to that of PSO. Also, under 1200°C pyrolysis temperature, there is no medium range ordering

beyond 5 A radial distance for 8SPVMS/15PHMS and 85PMPS/15PHMS, which confirms the
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largely amorphous nature of these SiOC systems. For the PSO system, however, medium range
ordering is observed between 5-10 A. After 1500°C pyrolysis, the number of RDF peaks and the
peak intensities are similar for all the three systems with medium range ordering. Besides, all the
peak intensities increase after the pyrolysis temperature increases to 1500°C, which means
improved ordering and thus higher crystallinity in the systems.

Empirically, to produce SiOC with more predictability, precursors of exact molecular
structures would be desired. Commercial precursors often do not offer the exact molecular
structure or composition. Pyrolysis atmosphere and duration, including specific gas partial
pressure, should be quantified. The heating rate should be slow, such as 1-2°C/min, in order to
provide sufficient time for complete gas release and thus composition control. The holding time at

peak temperature for each pyrolysis run should also be specified.

3.3. Reactive force field modeling

The above phase evolution and RDF analyses are for SiOC systems that have undergone
significant atomic structure changes. However, starting from polymer precursor decomposition,
many atomic changes would have occurred. The challenge is a lack of means for understanding
and quantifying the differences. ReaxFF simulation provides direct data on atomic mixing,
elemental separation, and effects of precursor molecular structures and compositions, especially
in the early stage of the pyrolysis. In this work, the ReaxFF simulation data can be used to reveal
the atomic structure changes and new bond formation before the experimental techniques are
applicable, especially in the early stage of the pyrolysis process.

Atomic structures of the ReaxFF simulated polymer systems are given in Fig. 4. Figs. 4(a-
c) show that at the beginning of the pyrolysis, all the systems have a homogeneous atomic structure

with no distinct features. There are small fractals of Si-O clusters throughout each system. The
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amounts of the atomic species reflect the precursor compositions, with the lowest carbon content
for the 8SPVMS/15PHMS system and the highest amount for the PSO system (also close to that
of the 85PMPS/15PHMS system). For the 8SPMPS/15PHMS and PSO systems, small six-carbon

rings are prevalent, reflecting their carbon-rich nature.

Fig. 4. Images for the 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO systems at the starting

state (a-c respectively), after 1800 K pyrolysis (d-f respectively), and after 2100 K pyrolysis (g-1

18



respectively). In all the images, the color scheme is as follows: Si-red, O-blue, C-yellow, and H-

pink.

After the pyrolysis simulation at 1800 K (Figs. 4d-4f), a large amount of H is still present
in all the systems, indicating that all the systems are still in the early stage of the pyrolysis process.
Si-O rich and carbon-rich clusters separate. The 8SPVMS/ISPHMS system has less prominent
carbon regions than 8SPMPS/15PHMS and PSO as well as larger and less dispersed Si-O phase
domains than the other two systems. In addition, the 8SPVMS/15PHMS system has more carbon
species still mixed in the Si-O clusters. This means that the Si-C bond in the PVMS is less likely
to break. Si-O from the Si-O chains and the Si-C bond with the side group co-exist (Fig. 4d). The
85PMPS/15PHMS and PSO systems have very similar atomic structures, Si-O rich clusters are
smaller in size and more dispersed. Many six-carbon rings can be observed in these two carbon-
rich systems, reflecting the impact from the phenyl group in the polymer precursors. These six-
carbon rings serve as the initiation units for turbostratic carbon formation. From Figs. 4d-f, it can
be stated that the elemental ratios and the polymer molecular structures simultaneously influence
the atomic evolution, with the elemental ratio being more significant in this study due to the large
difference in Fig. 4d compared to Figs. 4e and 4f.

As the simulation temperature increases to 2100 K, there is more phase separation observed
for each system (Figs. 4g-1). Compared to the 1800 K atomic structures, the simulation temperature
0f 2100 K results in more phase separation and larger Si-O rich clusters. The lower carbon system
of 85PVMS/15PHMS has the largest carbon region and Si-O regions, with some carbon species
remaining in the Si-O rich clusters. The 85PMPS/15SPHMS and PSO systems have almost no

carbon left in the Si-O rich regions. The Si-O rich regions continue to grow with some smaller
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cluster scattered in the carbon-rich matrix. This again illustrates the effects of the precursor side
groups. There is less Si-C bond breaking tendency when the side group is of small size, such as
for 8SPVMS/15PHPS. The phenyl group instead separates more easily and leads to more complete
carbon separation from the Si-O clusters. The carbon regions in the 8SPMPS/15PHMS and PSO
systems have lower levels of hydrogen content. This is due to the phenyl side group in the starting
precursors, which require less energy to form graphitic carbon species. Many six-carbon rings have
morphed into string-like carbon units, a sign of graphene and thus turbostratic carbon formation.
Again, both the precursor composition and the molecular structure affect the phase separation,
with the precursor composition being more significant.

To understand the atomic bonding and coordination evolution during the early stage of
pyrolysis, the RDF results for each polymer system at both 1800 K and 2100 K are given in Fig.
5. The results are extracted by examining the nature of every bond in each simulation system. This
numerical bond counting is valuable in that C-H bond can be precisely counted and thus offer
accurate description of the atomic coordination. The 8SPVMS/15PHMS system is different from
the other two higher carbon systems while the peak positions for the 8SPMPS/15PHMS and PSO
systems are nearly identical at both temperatures. This is likely due to the similarities in carbon
contents and the presence of some similar side groups for the latter two starting precursor systems.
Compared to Fig. 3, the most striking observation is that the C-H bond is present in all the polymer
systems with the 8SPVMS/15PHMS having the most intense peak out of the three systems. This
reflects the limited time duration with molecular dynamics simulation, which makes the total
deletion of hydrogen atoms prohibitive. The C-H bond peak is strongest for the 8SPVMS/15PHMS

system because of its low carbon content nature and less tendency of forming C-C bonds.
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Fig. 5. RDF plots showing the 1800 K (a) and 2100 K (b) results for the three polymer systems

studied.

At 1800 K, the 85SPVMS/15PHMS system (Fig. 5a) has no C-C bond peaks from the inner

shell at ~1.41 A. Only a weak peak appears at the outer shell of ~2.2 A. This is consistent with
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Figs. 4d and g in that carbon co-exists with hydrogen in the carbon-rich regions. The Si-C bond is
weakly present while the Si-O bond is present only for the 8SPVMS/15PHMS system. The C-C
bond peak from the inner shell at ~1.41 A can be observed for the 85PMPS/15PHMS and PSO
systems. This is consistent with the Si-O rich nature for the 8SPVMS/15PHMS system and the
carbon-rich nature for the other two systems. The ReaxFF simulation captures the atomic evolution
that is not experimentally observable. The observations also support the lower tendency of Si-C
bond breaking in the 85SPVMS/15PHMS system due to the small size of the side groups. This
means the lower tendency of the vinyl group separation from the Si-O chain. Si-C bonds are
maintained at higher levels in the 8SPVMS/15PHMS system.

At 2100 K (Fig. 5b), the Si-O peak appears but is still much smaller than the C-C peak for
the 8SPMPS/15PHMS and PSO systems. This demonstrates the continuing phase separation for
all the systems. The Si-Si/C-C peak remains absent for the 8SPVMS/15PHMS system and may
have some slight decrease for the other two systems. This means that direct C-C bond and even
Si-C bond (inner shell) are forming, indicating the early stage of atomic evolution with very limited
short-range ordering. The 8SPVMS/15PHMS polymer contains no cyclical carbon groups. It has
significantly lower levels of C-C bond formation, suggesting that cyclical carbon groups play a
large role in the creation of graphitic carbon. The similarities in atomic structure evolution for
85PMPS/15PHMS and PSO are consistent with those in the carbon content and side groups.
85PMPS/15PHMS and PSO both have significant levels of cyclical carbon side groups, which
leads to more break-up of the Si-C bond in the early stage of pyrolysis.

Regarding the overlapping Si-Si and C-C bond peaks at 2.2 A, the Si-Si bond formation is
believed to be from the intermediate species of the Si-O fractals in the early stage of the pyrolysis.

Since the ReaxFF simulation tracks the nature of each bond, we can compare the relative amount
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of the Si-Si and C-C bonds. After 1800 K pyrolysis, both the Si-Si bond and C-C bond contents
increase, with the C-C bond content taking the majority for all three precursor systems. After 2100
K pyrolysis, the C-C bond content is still predominant for the 8SPMPS/15PHMS and PSO systems.
However, the bond content differences become smaller. For the 8SPVMS/15PHMS system, the
Si-Si bond C-C bond contents are comparable, reflecting the more Si-rich nature of the polymer

precursor.

4. Conclusions

SiOC has intrinsically complex microstructures that are difficult to quantify. This study
focuses on the cluster evolution, phase separation, and atomic coordination through HE-XRD and
RDF. We have also advanced a new ReaxFF molecular dynamics approach to understand the
atomic bonding and structural evolution in the early pyrolysis process. The work for the first time
shows that orthorhombic SiO> forms in the SiOC systems during pyrolysis and converts to
amorphous SiO> as phase evolution continues. Cubic B-SiC also forms at lower temperatures than
commonly known along with a minor amount of hexagonal SiC that has never been reported. The
RDF results further support the above observations. ReaxFF simulation directly illustrates atomic
mixing and separation. The simulated RDF data reveal the significant presence of C-H bonds along

with Si-O and C-C bonds in the early stage of the pyrolysis.
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Abstract

Silicon oxycarbide (SiOC) is a unique system that can generate various compositions and
microstructures via different polymeric precursors and pyrolysis conditions. However,
understanding of the atomic structure evolution, such as cluster formation, phase evolution, and
atomic coordination, is lacking. In this study, cluster evolution and atomic coordination for
different S1OC ceramics pyrolyzed at 1200°C and 1500°C were investigated by high energy X-ray
diffraction (HE-XRD) and radial distribution function (RDF) analysis. A new Reactive Force Field
(ReaxFF) molecular dynamics modeling approach was developed to understand nanocluster
separation and early-stage atomic radial coordination. For the first time, we demonstrate that
orthorhombic SiO; forms and converts to growth resistant amorphous SiO,. Cubic B-SiC also
forms at lower temperatures than reported, along with a minor amount of hexagonal SiC that has
never been reported. The RDF data support such phase evolution understanding. ReaxFF
simulation provides direct data on atomic mixing, elemental separation, and effects of precursor
molecular structures and compositions, especially in the early stage of the pyrolysis. The simulated
RDF data complement the experimental data, revealing the significant presence of C-H bonds

along with Si-O and C-C bonds.
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1. Introduction

In recent years, polymer-derived ceramics (PDCs) have attracted much attention due to
their wide application potentials in energy [1, 2], environmental barrier coatings [3, 4],
MEMS/NEMS devices [5, 6], biomedical engineering [7, 8], and electromagnetic interference
shielding [9, 10]. Compared to conventional ceramics made by powder sintering, PDCs
synthesized from polymeric precursors permit lower processing temperatures and offer great
flexibility in controlling component sizes, shapes, and compositions [11, 12]. One outstanding
class of PDCs is silicon oxycarbide (SiOC), an intriguing system with a three-dimensional
covalently bonded structure consisting of silicon, oxygen, and carbon [13-15].

The ceramization of the most common precursor, polysiloxane, in a non-oxidizing
atmosphere results in the formation of SiOC ceramics, and their compositions are determined by
the pyrolysis temperature [16], atmosphere [17-21], and heating method [15, 22, 23]. Broadly
speaking, a variety of C-H, Si-C, and Si-O bonds cleave at less than 1000°C and lead to the
formation of free carbon dispersed in an amorphous SiOC matrix. When the temperature increases
to 1100°C, the system is composed of amorphous SiOC clusters, free carbon, and amorphous SiO»,
which experience further microstructural evolution at higher pyrolysis temperatures and lead to
the formation of nanocrystalline SiC, presumably at >1300°C [24]. Extensive work has been
carried out to study the atomic structures of SiOC, such as by X-ray scattering and nuclear

magnetic resonance (NMR) [25-27]. All the studies agree that SiOC materials contain SiCxOasx



tetrahedra along with carbon domains, further supported by '*C and 2°Si NMR measurements [28].
However, many studies also claim SiOC phase separation [15, 22, 29, 30] even though detailed
atomic structure and phase evolution of SiOC materials remain evasive. Conventional structural
characterization techniques cannot distinguish nanosized phases, atomic level clustering, and
atomic coordination. Excitingly, HE-XRD experiments using a synchrotron light source offer
improved sensitivity and resolution of diffraction peaks because of the high flux, tunable, and well-
defined wavelength, as well as better collimation of synchrotron radiation [31]. This approach has
great potential in clarifying the structural evolution of SIOC materials and obtaining new insights
into the phase evolution of different nanoclusters within these materials. It can also offer atomic
level radial distribution insight.

From modeling point of view, density functional theory and molecular dynamics
approaches [32-35] have been used to provide the atomic structure of a precursor-derived
amorphous ceramic. However, the simulated system sizes were inconsistent with the actual sizes
of the phases, and the effects of chemical compositions on the evolution of these nano-sized
structures need to be understood. Among several empirical potentials available for molecular
dynamics (MD) simulations of covalent materials, the Tersoff potential provides a description of
the crystalline and amorphous phases [36-39]. The total energy E of a system is expressed in terms

of summation of atomic pair interactions Vj between atoms 1 and j

E= %21';:]' Vij where Vi; = fe(rij) [fa (ri) + bijfa(ry)] (1)
rij is the distance from atom i to atom j. V;jj is composed of a repulsive part fr and an attractive part
fa, and f; is a smooth cutoff function to limit the range of the potential. However, for the polymer-
derived pyrolysis process, such an interatomic potential is too simplistic [36-39]. There are several

interatomic forces that have not been considered. For example, Zhang et al. [40] investigated the



structural features of an amorphous SiBOC ceramic by large-scale molecular dynamics (MD)
calculations using the Tersoff potential, which uses a short-range pair potential to represent
covalent bonding. Compared to the Tersoff potential which only considers the angular location of
neighbor atoms relative to the bond axis, the ReaxFF potential [41] is more suitable for the
simulation of PDCs, thanks to the consideration of a range of additional chemical bonding features,
such as hydrogen bonding and bond conjugation. It is an empirical force field that allows for fully
reactive atomistic scale molecular dynamics simulations of chemical reactions [42, 43]:
Esystem= Evond T Eover-coordination T Eunder coordination T Evalence angle T Epenalty T Etorsion T Econjugated energy +
Evawaats + Ecoutomb (2)

The energy potential functions associated with each of these partial energy contributions
are developed by fitting against a training set comprised of both quantum mechanics (QM) and
experimental data. This force field can simulate Si—C—O and Si—O-H bond interactions [44] and
consider both reaction energies and reaction barriers. It allows evaluation of precursor effects on
the elemental compositions, and more importantly, the phase distributions of the resulting SiOC
systems. Furthermore, the ReaxFF method is several orders of magnitude faster than QM-based
simulations, which enables larger-scale (>>1000 atoms), fully dynamic simulations of chemical
reactions [42, 43]. Thus, the ReaxFF potential approach is perceived to be more suitable for
describing the tetrahedral structure of SiOC systems.

From simulation technique point of view, there has been simulation of PDCs from a
bottom-up approach [45, 46], which involves the creation of the starting polymer structures.
Afterwards, the system is heated and allowed to stay at highly elevated temperatures between 1800
and 2500 K where Si-C bond breakage is readily observable [47]. The pressures in the systems are

kept high or the volumes are constrained to prevent the system from expanding continuously.



While the simulation is running, scripts are run periodically to selectively delete atoms belonging
to smaller molecules such as methane and ethene groups (evaporative gases). However, such
simulations have been carried out with relatively small systems of less than 80,000 starting atoms
[40]. A more recent study with the ReaxFF approach reported amorphous end structures with
comparable compositions to experiments. There was distinct phase separation between the carbon
and SiOC phases [46]. Regardless, more systematic simulation work is needed in order to
understand atomic structural unit evolution, radial distribution function, and bonding of different
structural units.

In this study, synchrotron HE-XRD was used to explore the atomic structures and phase
evolution of SiOC ceramics as a function of carbon content and pyrolysis temperature. Large-scale
ReaxFF simulations were conducted to investigate the amorphous plus nanocluster structures of
SiOC with different carbon content. The results from the experiments and the simulations were
compared to understand the fundamental processes of the phase evolution and atomic bonding

differences during pyrolysis of different carbon content precursors.

2. Experimental part
2.1. Materials synthesis and pyrolysis

Different carbon-containing polymer precursors were used to create SiOC ceramics. The
chemicals included polyhydromethylsiloxane (PHMS) that contained 20.00 wt% of carbon species
in the monomer unit, polyvinylmethylsiloxane (PVMS) that contained 41.86 wt% of carbon in the
monomer unit, and vinyl-terminated polymethylphenylsiloxane (PMPS) that contained 61.76 wt%
of carbon in the monomer unit. These chemicals were purchased from Gelest Inc. (Morrisville, PA)

and used without further purification. Commercially available polysiloxane SPR-684 Polyramic®



(PSO, Starfire Systems, Inc.) that contained 59.55 wt% carbon in the monomer unit was also used
as the preceramic polymer. The molecular structures of the polymer species are given in Fig. 1. A
solution of 2.1-2.4 wt% platinum—divinyltetramethyldisiloxane complex in xylene (Gelest Inc.)

was further diluted in toluene and used as a catalyst at 1 wt% of polymer precursors.
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Fig. 1. Molecular structures of the polymer precursors used in this study.

85PVMS/15PHMS and 85PMPS/15PHMS samples were synthesized by the Pt-catalytic
reaction between PVMS (or PMPS) and PHMS with the weight ratio of 85:15. Pure PSO was used
as the single precursor. Overall, the precursor carbon content was in the order of SPVMS/15PHMS
at 38.58%, 85PMPS/I5SPHMS at 55.50%, and PSO at 59.55%. Specifically, for the polymer
precursor crosslinking, PVMS (or PMPS) was mixed with PHMS with magnetic stirring at room
temperature until a homogeneous mixture was formed. After that, a diluted (2.5 ppm) Pt catalyst
solution was slowly added in the mixed solution (1 wt% relative to precursors) and magnetically
stirred at 250 rpm for 2 hrs. Likewise, PSO samples were also prepared by magnetic stirring the
PSO precursor and catalyst at 250 rpm for 3 hrs. Next, the corresponding solutions were poured
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into cylindrical molds made by aluminum foil, respectively. The filled aluminum molds were
vacuumed to remove any interior bubbles before crosslinking. The samples were first kept at 50°C
for 12 hrs. After that, they were heated to 120°C and kept at this higher temperature for 12 hrs. The
crosslinked samples were labeled as 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO, respectively.

For pyrolysis, the 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO samples were put in a
ZrO> crucible covered by graphite paper. The crucible was then placed in a controlled atmosphere
tube furnace (model No. 1730-12, CM Furnaces Inc.) for 2 hrs at two temperatures, 1200°C and
1500°C, respectively. The heating and cooling rates were kept the same at 2°C/min in a flowing Ar

atmosphere.

2.2. Characterization

The synchrotron HE-XRD characterization was conducted at the 11-ID-B beamline at the
Advanced Photon Source (APS, at the Argonne National Laboratory). A high-energy X-ray beam
(~58 keV, L = 0.2128 A) was used in combination with a large amorphous silicon based area
detector (PerkinElmer) to collect X-ray scattering data to high values of momentum transfer (Qmax
~22 A). The scattering images were reduced to one-dimensional data within FIT2D using CeO; as
a calibration standard. The data were corrected for background scattering. The G(r) function was
extracted from the background and Compton scattering corrected data, following Fourier

transformation using PDFgetX2. The PDFs were subsequently modeled using PDFgui [48-50].

2.3. Simulation
There were multiple steps necessary to simulate the pyrolysis of a PDC system. Here, we

use the PSO system as an example. The 85PVMS/15PHMS and 85PMPS/15PHMS systems



followed the same procedure. To start, an idealized linear version of the SPR-684 PSO system was
created using Python, and then allowed to relax through simulation. The relaxation step was used
to decrease the steric stress created by the idealized structure. During the simulation, the ReaxFF
force field originally created by Van Duin et al. [43] was utilized in conjunction with LAMMPS
[51], a massively parallel software used in molecular dynamics simulation. The particular force
field used was provided from Van Duin’s group [46] and optimized specifically for polymer-
derived SiOC systems. An NPT system was created where the pressure was set to 1 MPa isostatic
pressure while the temperature was set to 300 K. This allowed for the distributed polymer strands
to condense and form a dense polymer. The system was allowed to rest for 20 ps with the timestep
at 0.2 femtoseconds, making the total number of timesteps 100,000. After the initial densification,
the system was further expanded by duplicating the linear polymer 7 times and distributing the extra
chains in random orientations around the original. The system was allowed to consolidate to
increase the density of the polymer system before the pyrolysis. Each polymer system was at
roughly 12,000 atoms after these steps. The systems were then expanded in one last step to 90,000-
100,000 atoms to allow for a larger sample size. A final consolidation step was run for 500,000
timesteps at 1 MPa isostatic pressure and 300 K. The timestep used was 0.2 fs. With the initial
polymers ready, the polymer systems were ready for simulation of pyrolysis.

To simulate the pyrolysis, it became necessary to run LAMMPS integrated with Python to
periodically identify and delete the gas species that would be formed during heating. The system
was heated from 300 K to 2000 K in a NPT system where the Si-C bond was readily observed to
be broken [47]. This took place over the course of 0.2 ns simulation time with a timestep of 0.2 fs.
During this heating phase, molecules that were below the molecular weight threshold of 40 g/mol

were deleted at 5 ps intervals. To accelerate the rate of bond breakage and allow for phase formation



to be observed in reasonable simulation time frames, the system was further heated to 2400 K at a
much slower rate of 0.4 ns. The threshold for gas deletion was also increased to 80 g/mol at the end
of the heating phase to include larger carbon species, and the interval of deletion was also increased
to 10 ps. The system was then allowed to stay at 2400 K for a full nanosecond with the gas deletion
criterion remaining the same. Throughout the heating phase and the temperature holding phase the

pressure was increased to 2000 atm to prevent foaming of the system.

3. Results and Discussion
3.1. Phase evolution

The HE-XRD patterns for the pyrolyzed samples and illustration of the related crystal
structures are shown in Fig. 2. The high-flux and high-energy X-rays enable detection of smaller
length scale features because of their deep penetration and low absorption [52]. As shown in Fig.
2a, crystallite SiO> with an orthorhombic structure (JCPDF 00-043-0784, Fig. 2b) is detected in
all the samples. This crystalline phase is the first new finding that has not been observed by
conventional XRD [53-55], which can only detect amorphous SiO; that has a diffused halo peak
at 22-23° [56] [22]. A major reason is that HE-XRD can identify diffraction peaks at <10° 20
angles. Since synchrotron XRD can detect phase domains from the nanometer scale, it provides
better sensitivity and resolution than conventional XRD. According to the persistent peak presence
and distinct peak intensity that can be indexed to orthorhombic SiO2, we believe that crystalline
Si0, forms without the widely presumed SiOC phase separation through Eq. (3) that leads to
amorphous SiO. This is a new finding and consistent with the absence of SiC peaks for the
85PVMS/15PHMS and 85PMPS/15PHMS samples after 1200°C pyrolysis even though they have

sharper orthorhombic Si0O2 peaks. Such experimental results also mean that there is no SiOC phase



separation. The orthorhombic SiO; formation is fundamentally in agreement with the presence of
expected tridymite phase that should be stable from 870-1470°C. SiO> (both orthorhombic and
amorphous SiO;) are possible in the polymer-derived SiOC systems. We believe that SiOC
tetrahedrals (SiO3C, Si02C,, SiOCs3) form through free carbon diffusion into the SiO» atomic
structure. This means that SiO; forms first and different types of SiOC tetrahedrals form after that.
Eq. (3) does not exist because the amorphous SiO2 halo does not increase with pyrolysis
temperature increase.
SiOC — amorphous SiO; + C + beta-SiC 3)

For the samples pyrolyzed at 1200°C, a broad halo at 20.0-27.5° is detected. It can be
further deconvoluted into two signals located at ~22.15° and 26.11°. The former has been reported
from conventional XRD analysis [24, 57, 58] and is designated as amorphous SiO,/SiOC
tetrahedrals. This should result from the initial amorphous SiO» formation and diffusion of carbon
into the SiO> open structure, leading to SiOC formation. The latter 26.11° peak belongs to the (002)
plane of graphitic carbon with the P63/mmc space group (JCPDF card 00-034-0567). This halo
peak right shifts for the PSO sample, meaning that the high carbon content precursor has induced
more carbon diffusion into the open structure of SiO» and formation of carbon-rich SiOC
tetrahedrals. The shifting center of the ~22.15° halo should originate from the transformation of
S10,/S10C tetrahedrals; the specific halo center position is a function of the relative dominance of
Si04/S103C/Si02C2/Si0C;3 tetrahedrals. The right shift of the halos means the consumption of the
oxygen-rich tetrahedrals, such as SiO4/Si0;C species, and formation of the carbon-rich
tetrahedrals, such as Si0>C, and SiOCs. This observation is consistent with the results in Figs. 3
and 5 that show high C-C peaks from the RDF results. Simultaneously, orthorhombic SiO; is

consumed and the corresponding XRD peak becomes weaker, the second finding in this study.
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With the continuation of carbon diffusion into the more open-structured SiOC tetrahedrals, oxygen
may be completely replaced and SiC4 may form, as shown by the B-SiC peak at 1200°C, which is
at a lower temperature than the generally accepted 1300°C for the PSO sample. Thus, the presumed
separate processes for SiC formation during the SiOC formation process, SiOC phase separation
and SiO» carbothermal reduction, are in fact a continuous and integrated process of SiO> and
carbon carbothermal reduction. In our earlier work [15, 22, 30], phase separation was also assumed

due to the lack of high resolution techniques such as HE-XRD.
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Fig. 2. a) Experimental HE-XRD data for SiOC ceramics with different carbon contents,

pyrolyzed at 1200°C and 1500 °C in Ar. b) Crystal structures of different SiO> phases.

The third finding is that for the 1200°C pyrolyzed samples, the 8SPVMS/15PHMS and
85PMPS/15PHMS samples have sharper orthorhombic SiO» peaks at 8.6-9.8° while the PSO
sample has the most visible graphitic carbon peak. This is consistent with the carbon content
difference in the precursors. For the 85SPVMS/15PHMS and 85PMPS/15PHMS samples, the
carbon content is lower. Thus, the orthorhombic SiO> peak is sharper due to the relatively higher
silicon content in the precursors. For the PSO sample, the carbon content is the highest. As a result,
the graphitic carbon peak is most visible. Again, such observations are consistent with the results
in Figs. 3 and 5. This last observation also holds true for the 1500°C pyrolyzed samples. In addition,
the samples pyrolyzed at 1500°C show weaker orthorhombic SiO; peaks compared to those
pyrolyzed at 1200°C. This indicates that orthorhombic SiO; is consumed with the formation of
cubic SiC through carbothermal reaction, as discussed below.

A general notion is that Si0O; is resistant to crystallization and growth in SiOC systems,
mostly staying at <5 nm size [17-19, 56, 59, 60]. This is likely because the Si0; phases (crystalline
and amorphous) are prone to the inward diffusion of carbon during pyrolysis. Assuming that SiO»
first forms as amorphous nanoclusters of <5 nm size, which is very likely considering the strong
tendency of SiO; to stay amorphous/glassy, carbon diffusion causes its conversion to SiOC before
it can grow and crystallize.

For the 1200°C pyrolyzed SiOC sample from PSO, cubic SiC crystallites (Fig. 2b) are
detected based on the peaks at ~35, 60, and 72° 20 angles. This phase identification is consistent

with the conventional XRD data [53-55]. The fundamental process is through the well-known
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carbothermal reaction between SiO» and carbon (Eq. 4). The SiOCs pyrolyzed from
85PVMS/15PHMS and 85PMPS/15PHMS have no discernible peaks at these 26 angles simply
because there is not enough free carbon for the carbothermal reduction.

Amorphous SiO; + C — B-SiC + CO1 4)

The much lower pyrolysis temperature (1200°C) for the cubic SiC formation is the fourth
finding. From the conventional XRD analysis, the cubic SiC phase is not detected until at least
1300°C [61-64]. In this work, SiC is present at 100°C lower temperature than that reported by
previous studies. This result demonstrates more sensitive phase detection capabilities from HE-
XRD. More importantly, the SiC formation shows to be easier than generally known.

The last key finding is the detection of hexagonal SiC (Fig. 2b), which has not been
reported in polymer-derived SiOC systems even though it is a more stable phase at the reported
pyrolysis temperatures. This is likely because the cubic B-SiC crystallite size is too small and
remains stable even at low temperatures. With a high carbon content (for the 1200°C pyrolyzed
PSO system) or at a high pyrolysis temperature, such as 1500°C for all the samples, the cubic -
SiC crystallite size might have the tendency to grow to a large enough size (based on the sharper
peak) for its phase transformation into hexagonal SiC. However, the small SiO: cluster size
dictates the small size of the SiC crystallites, especially considering that SiC crystallites will likely
be smaller because SiO3;C, Si02C», and SiOC;3 have to form first. For the starting PSO precursor,
which has a higher carbon content than 85PVMS/15PHPS and 85PMPS/15PHPS, the formation
of SiC through carbothermal reduction is more likely. Thus, the SiOC derived from PSO has the
most visible SiC peaks with two SiC phases (cubic and hexagonal, Fig. 2b). For the
85PVMS/15PHPS system, only very weak cubic SiC peak is observed. However, as the precursor

changes to 85PMPS/15PHPS at 1200°C, only hexagonal SiC is observed. This indicates that
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hexagonal SiC can form before cubic SiC. The phase appearance is not just a function of pyrolysis
temperature but also a function of Si:C ratio.

As for the samples pyrolyzed at 1500°C, the relative intensity of the diffraction peak
located at 43.40° is slightly enhanced or unchanged while the 35°C peak intensity decreases with
increasing carbon content from 85PVMS/15PHMS, to 85SPMPS/15PHMS, and to PSO. This means
that higher pyrolysis temperature decreases cubic SiC formation. Carbon content also increases
the hexagonal SiC amount and decreases the cubic SiC amount dispersed in the SiOC matrix,

consistent with the general thermodynamic knowledge.

3.2. Radial distribution function analysis

RDF represents probability of atomic coordination for a chosen center atom along the radial
direction. By comparing the RDFs from different samples, such as by comparing the relative
intensities of the peaks at different atomic coordination locations, the fine features of the atomic-
scale structure and atomic coordination/bonding can be revealed, including interatomic bonding
and the presence of local atomic disorder. The bond distance and coordination number can be used
to analyze the phase evolution of SiOC ceramics with respect to the carbon content at different
pyrolysis temperatures. The relative intensity reveals the dominance of different interatomic bonds.

The RDF data of the samples pyrolyzed at 1200°C and 1500°C are shown in Fig. 4. These
peak positions are consistent with those reported in other studies, such as 1.42, 1.60, and 1.87 A
for C-C, Si-O and Si-C bonds respectively [65, 66]. All the bonds confirm the phases obtained

from the HE-XRD results.
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Fig. 3. RDFs of the three polymer precursors after pyrolysis at different temperatures.

At 1200°C pyrolysis temperature, Si-O bond and O-O bond from orthorhombic SiO», Si-
C bond from hexagonal SiC, C-C bond from graphitic C, and C-C bond from hexagonal SiC are
detected. For the 8SPVMS/15PHMS sample after 1200°C pyrolysis, the O-O bond from tetragonal
S10; is observed due to its more silicon-rich nature in the precursor. Out of the three precursor

systems, the PSO system has the most defined RDF peaks at 1200°C, showing the most ordered

atomic coordination.

As the pyrolysis temperature is increased to 1500°C, two major changes are observed. First,
more C-C bonds of hexagonal SiC form, which has not been detected for such SiOC systems in

conventional studies. The same is true for the Si-O and O-O bonds of orthorhombic SiO;. In the
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g(r) curve, the C-C bond peak from hexagonal SiC is relatively higher in intensity than that of SiO-
from orthorhombic SiO», suggesting more SiC ordering. The Si-O bond peaks in the medium radial
distance range mean that the Si-containing tetrahedra are mostly corner-shared. The difference
between Fig. 2 and Fig. 3 regarding orthorhombic SiO: is because Fig. 3 just shows the O-O bond
intensity, not necessary the orthorhombic SiO; phase amount. Some O-O bonds could come from
the long-range bonds in SiOC, especially considering the relatively lower intensity of the Si-O
bond for the 8SPVMS/15PHMS sample pyrolyzed at 1500°C. For the 8SPMPS/15PHMS sample,
the Si-O bond peak for the orthorhombic SiO> peak slightly decreases, consistent with the HE-
XRD result in Fig. 2 that shows the decreasing peak intensity of the crystalline SiO». In addition,
the graphitic C-C bond peak intensity at 2.48 A consistently increases from 85PVMS/15PHMS to
the 8SPMPS/15PHMS and then to PSO, reflecting the increasing carbon-rich nature for the three
systems. The intensity increases for the Si-C and C-C bonds from hexagonal SiC and the Si-O and
0O-0 bonds from orthorhombic SiO; at 1500°C pyrolysis simply indicate long-range ordering and
thus increased crystallinity of the systems. The PSO sample has the least bond peak changes except
for slight C-C bond intensity increase for hexagonal SiC. The less long-range ordering
development for PSO after 1500°C pyrolysis is due to the already developed ordering (considering
the high intensity bond peaks, especially in the long range) and the carbon-rich nature of the system,
which may have hindered further atomic diffusion.

It should be noted that at 1200°C pyrolysis temperature, atomic ordering has no direct
correlation with the starting precursor carbon content. 8SPMPS/15PHMS has similar (or slightly
poorer) atomic ordering compared to 8SPVMS/15PHMS even though its initial carbon content is
close to that of PSO. Also, under 1200°C pyrolysis temperature, there is no medium range ordering

beyond 5 A radial distance for 8SPVMS/15PHMS and 85PMPS/15PHMS, which confirms the
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largely amorphous nature of these SiOC systems. For the PSO system, however, medium range
ordering is observed between 5-10 A. After 1500°C pyrolysis, the number of RDF peaks and the
peak intensities are similar for all the three systems with medium range ordering. Besides, all the
peak intensities increase after the pyrolysis temperature increases to 1500°C, which means
improved ordering and thus higher crystallinity in the systems.

Empirically, to produce SiOC with more predictability, precursors of exact molecular
structures would be desired. Commercial precursors often do not offer the exact molecular
structure or composition. Pyrolysis atmosphere and duration, including specific gas partial
pressure, should be quantified. The heating rate should be slow, such as 1-2°C/min, in order to
provide sufficient time for complete gas release and thus composition control. The holding time at

peak temperature for each pyrolysis run should also be specified.

3.3. Reactive force field modeling

The above phase evolution and RDF analyses are for SiOC systems that have undergone
significant atomic structure changes. However, starting from polymer precursor decomposition,
many atomic changes would have occurred. The challenge is a lack of means for understanding
and quantifying the differences. ReaxFF simulation provides direct data on atomic mixing,
elemental separation, and effects of precursor molecular structures and compositions, especially
in the early stage of the pyrolysis. In this work, the ReaxFF simulation data can be used to reveal
the atomic structure changes and new bond formation before the experimental techniques are
applicable, especially in the early stage of the pyrolysis process.

Atomic structures of the ReaxFF simulated polymer systems are given in Fig. 4. Figs. 4(a-
c) show that at the beginning of the pyrolysis, all the systems have a homogeneous atomic structure

with no distinct features. There are small fractals of Si-O clusters throughout each system. The
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amounts of the atomic species reflect the precursor compositions, with the lowest carbon content
for the 8SPVMS/15PHMS system and the highest amount for the PSO system (also close to that
of the 85PMPS/15PHMS system). For the 8SPMPS/15PHMS and PSO systems, small six-carbon

rings are prevalent, reflecting their carbon-rich nature.

Fig. 4. Images for the 8SPVMS/15PHMS, 85PMPS/15PHMS, and PSO systems at the starting

state (a-c respectively), after 1800 K pyrolysis (d-f respectively), and after 2100 K pyrolysis (g-1
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respectively). In all the images, the color scheme is as follows: Si-red, O-blue, C-yellow, and H-

pink.

After the pyrolysis simulation at 1800 K (Figs. 4d-4f), a large amount of H is still present
in all the systems, indicating that all the systems are still in the early stage of the pyrolysis process.
Si-O rich and carbon-rich clusters separate. The 8SPVMS/ISPHMS system has less prominent
carbon regions than 8SPMPS/15PHMS and PSO as well as larger and less dispersed Si-O phase
domains than the other two systems. In addition, the 8SPVMS/15PHMS system has more carbon
species still mixed in the Si-O clusters. This means that the Si-C bond in the PVMS is less likely
to break. Si-O from the Si-O chains and the Si-C bond with the side group co-exist (Fig. 4d). The
85PMPS/15PHMS and PSO systems have very similar atomic structures, Si-O rich clusters are
smaller in size and more dispersed. Many six-carbon rings can be observed in these two carbon-
rich systems, reflecting the impact from the phenyl group in the polymer precursors. These six-
carbon rings serve as the initiation units for turbostratic carbon formation. From Figs. 4d-f, it can
be stated that the elemental ratios and the polymer molecular structures simultaneously influence
the atomic evolution, with the elemental ratio being more significant in this study due to the large
difference in Fig. 4d compared to Figs. 4e and 4f.

As the simulation temperature increases to 2100 K, there is more phase separation observed
for each system (Figs. 4g-1). Compared to the 1800 K atomic structures, the simulation temperature
0f 2100 K results in more phase separation and larger Si-O rich clusters. The lower carbon system
of 85PVMS/15PHMS has the largest carbon region and Si-O regions, with some carbon species
remaining in the Si-O rich clusters. The 85PMPS/15SPHMS and PSO systems have almost no

carbon left in the Si-O rich regions. The Si-O rich regions continue to grow with some smaller
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cluster scattered in the carbon-rich matrix. This again illustrates the effects of the precursor side
groups. There is less Si-C bond breaking tendency when the side group is of small size, such as
for 8SPVMS/15PHPS. The phenyl group instead separates more easily and leads to more complete
carbon separation from the Si-O clusters. The carbon regions in the 8SPMPS/15PHMS and PSO
systems have lower levels of hydrogen content. This is due to the phenyl side group in the starting
precursors, which require less energy to form graphitic carbon species. Many six-carbon rings have
morphed into string-like carbon units, a sign of graphene and thus turbostratic carbon formation.
Again, both the precursor composition and the molecular structure affect the phase separation,
with the precursor composition being more significant.

To understand the atomic bonding and coordination evolution during the early stage of
pyrolysis, the RDF results for each polymer system at both 1800 K and 2100 K are given in Fig.
5. The results are extracted by examining the nature of every bond in each simulation system. This
numerical bond counting is valuable in that C-H bond can be precisely counted and thus offer
accurate description of the atomic coordination. The 8SPVMS/15PHMS system is different from
the other two higher carbon systems while the peak positions for the 8SPMPS/15PHMS and PSO
systems are nearly identical at both temperatures. This is likely due to the similarities in carbon
contents and the presence of some similar side groups for the latter two starting precursor systems.
Compared to Fig. 3, the most striking observation is that the C-H bond is present in all the polymer
systems with the 8SPVMS/15PHMS having the most intense peak out of the three systems. This
reflects the limited time duration with molecular dynamics simulation, which makes the total
deletion of hydrogen atoms prohibitive. The C-H bond peak is strongest for the 8SPVMS/15PHMS

system because of its low carbon content nature and less tendency of forming C-C bonds.
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Fig. 5. RDF plots showing the 1800 K (a) and 2100 K (b) results for the three polymer systems

studied.

At 1800 K, the 85SPVMS/15PHMS system (Fig. 5a) has no C-C bond peaks from the inner

shell at ~1.41 A. Only a weak peak appears at the outer shell of ~2.2 A. This is consistent with
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Figs. 4d and g in that carbon co-exists with hydrogen in the carbon-rich regions. The Si-C bond is
weakly present while the Si-O bond is present only for the 8SPVMS/15PHMS system. The C-C
bond peak from the inner shell at ~1.41 A can be observed for the 85PMPS/15PHMS and PSO
systems. This is consistent with the Si-O rich nature for the 8SPVMS/15PHMS system and the
carbon-rich nature for the other two systems. The ReaxFF simulation captures the atomic evolution
that is not experimentally observable. The observations also support the lower tendency of Si-C
bond breaking in the 8SPVMS/15PHMS system due to the small size of the side groups. This
means the lower tendency of the vinyl group separation from the Si-O chain. Si-C bonds are
maintained at higher levels in the 8SPVMS/15PHMS system.

At 2100 K (Fig. 5b), the Si-O peak appears but is still much smaller than the C-C peak for
the 8SPMPS/15PHMS and PSO systems. This demonstrates the continuing phase separation for
all the systems. The Si-Si/C-C peak remains absent for the 8SPVMS/15PHMS system and may
have some slight decrease for the other two systems. This means that direct C-C bond and even
Si-C bond (inner shell) are forming, indicating the early stage of atomic evolution with very limited
short-range ordering. The 8SPVMS/15PHMS polymer contains no cyclical carbon groups. It has
significantly lower levels of C-C bond formation, suggesting that cyclical carbon groups play a
large role in the creation of graphitic carbon. The similarities in atomic structure evolution for
85PMPS/15PHMS and PSO are consistent with those in the carbon content and side groups.
85PMPS/15PHMS and PSO both have significant levels of cyclical carbon side groups, which
leads to more break-up of the Si-C bond in the early stage of pyrolysis.

Regarding the overlapping Si-Si and C-C bond peaks at 2.2 A, the Si-Si bond formation is
believed to be from the intermediate species of the Si-O fractals in the early stage of the pyrolysis.

Since the ReaxFF simulation tracks the nature of each bond, we can compare the relative amount
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of the Si-Si and C-C bonds. After 1800 K pyrolysis, both the Si-Si bond and C-C bond contents
increase, with the C-C bond content taking the majority for all three precursor systems. After 2100
K pyrolysis, the C-C bond content is still predominant for the 85PMPS/15PHMS and PSO systems.
However, the bond content differences become smaller. For the 8SPVMS/15PHMS system, the
Si-Si bond C-C bond contents are comparable, reflecting the more Si-rich nature of the polymer

precursor.

4. Conclusions

SiOC has intrinsically complex microstructures that are difficult to quantify. This study
focuses on the cluster evolution, phase separation, and atomic coordination through HE-XRD and
RDF. We have also advanced a new ReaxFF molecular dynamics approach to understand the
atomic bonding and structural evolution in the early pyrolysis process. The work for the first time
shows that orthorhombic SiO> forms in the SiOC systems during pyrolysis and converts to
amorphous SiO> as phase evolution continues. Cubic B-SiC also forms at lower temperatures than
commonly known along with a minor amount of hexagonal SiC that has never been reported. The
RDF results further support the above observations. ReaxFF simulation directly illustrates atomic
mixing and separation. The simulated RDF data reveal the significant presence of C-H bonds along

with Si-O and C-C bonds in the early stage of the pyrolysis.
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