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Abstract:

Carbothermal reduction is the primary mechanism for SiC formation in polymer derived
ceramics. However, the specific process involved in the SiOC conversion to SiC and the role of
oxygen and carbon are unknown. Using ReaxFF with LAMMPS in a large simulation system
containing more than 93K atoms, this study for the first time shows that O must be removed from
SiO> clusters for SiC formation, providing insights into the carbothermal reduction mechanism.
Si0; regions need to be of a large enough size to induce O reduction. C cluster growth is inversely
related to removal of O. This work shows not only the importance of the simulation system size in
understanding atomic interactions but also absence of phase separation of SiOC to SiO». Instead,

Si0; converts to SiC through C diffusion and O removal.

Keywords: Carbothermal reduction; Polymer derived ceramics; ReaxFF; Oxygen removal;

Cluster size

1. Introduction

Pyrolysis of polymer derived ceramics has been actively studied in recent years [1, 2]. Use
of polysiloxane (PSO) as a preceramic precursor is of particular interest due to its highly tunable
microstructure and the ability to create near net shapes in the pyrolysis stage [3]. Experimentally
these precursors are pyrolyzed in a wide range of temperatures. The majority of mass loss occurs
between 400 and 600°C through polymer decomposition [4]. At temperatures lower than 1300°C,
there is no distinct crystalline regions [5]. Amorphous SiOC domains coexist with free C networks.
At temperatures of greater than 1300°C, there is a notable decrease in O composition paired with
the formation of B-SiC [6-8]. It is assumed that SiO> and free C react and O leaves the system as
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CO [6, 7]. This is the well-accepted carbothermal reduction of Si-O bonds by C and formation of
SiC through Si-C bonds.

Carbothermal reduction is characterized by two aspects. The reduction of O and the
formation of B-SiC. There have been many theorized reaction routes that lead to the reduction of
0. Egs. (1) and (2) are two commonly theorized reactions [7]. Eq. (1) forms a SiO gas intermediate
and Eq. (2) creates an amorphous Si intermediate.

C(s) + Si0,(s) = Si0(g) + CO(g) (1)
C(s) + Sio(g) = Si(s,L,g) + CO(g) (2)
For the above reactions, there are two corresponding SiC formation reactions [7]:
2C(s) + Sio(g) = SiC(s) + C0O(g) 3)
Si(s,l,g) + C(s) = SiC(s) (€))

Both of these theorized reactions play a role in the overall carbothermal reduction. For
polymer derived ceramics, carbothermal reduction is commonly observed at pyrolysis
temperatures higher than 1300°C and increases with temperature [6, 8, 9] [10]. In addition, S10;
clusters in such systems are resistant to phase transformation and remain small (<5 nm) and
amorphous [11-14].

From a simulation perspective, there have not been many papers studying the pyrolysis of
polymer derived ceramic systems. Of the limited papers published, molecular dynamic simulations
demonstrate the formation of amorphous ceramic regions that cannot be seen experimentally. A
hydridopolycarbosilane (HPCS) polymer was heated to 5000 K to simulate the polymer
decomposition [15]. It was found that the C-H and Si-H bonds began to break at ~1000 K while
the Si-C cleavage was not initiated until 2000 K. The pyrolysis of polydimethylsiloxane (PDMS)

in the presence of water, NO, and ozone happened at 2500 K [16]. For a blend of HCPS and
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polyhydromethylsiloxane (PHMS) [17], Si-H, C-H, and Si-CH3 bonds were broken at 1000 K
while C-C bond formation increased at 1800 K. In addition, a new force field parameter was
applied to the simulations of PHMS/HCPS [18]. When the temperature increased to 2500 K, which
met the before-mentioned threshold of accelerated Si-C bond breakage, the simulation was able to
illustrate phase separation and achieve experimentally verifiable end compositions [18].

However, none have been able to observe the fate of oxygen, which was one of the key
aspects of carbothermal reduction discussed above. Among different factors, the small number of
atoms used in the simulation systems is a major issue [19]. Previous studies used systems
containing less than 10,000 atoms. Such small systems cannot sufficiently represent different
domains and interactions in SiOC systems. They also limit the scalability of the results. Along this
line, elevated temperatures and pressures [17, 18, 20] have been used to speed up pyrolysis kinetics
and allow for relevant observations. However, such approaches inevitably alter the
thermodynamics of bond breaking/formation and atomic diffusion.

This paper aims to address the system size deficiency in SiOC pyrolysis simulation by
using ~100,000 atoms while achieving the simulation duration to ~6 ns. We demonstrate for the
first time the removal of O through carbon diffusion, the first step in carbothermal reduction. In
addition, different O loss behaviors are observed in different SiO2 clusters. We have also explored

the effects of O content on C cluster growth.

2. Computational Methods
A polysiloxane (PSO) precursor with a linear structure and random distribution of various
hydrocarbon side groups was first created using Python. Eight of these linear polymer units, each

having 100 Si-O backbone units, were spatially randomized. The overall system was consolidated
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using LAMMPS [21], a massively parallel molecular dynamic simulation software in conjunction
with the ReaxFF potential package created by Van Duin et al [22, 23]. The consolidation
simulation occurred over 200,000 timesteps under an isostatic pressure of 2 atm and a temperature
of 300 K. A NPT thermostat was used for this step. At this stage the overall system had 11,070
atoms. The system was further expanded to 93,680 atoms by juxtaposing the initial simulation
boxes.

The fully expanded system was heated gradually to 2,400 K in a two-step process. Each of
the steps utilized a NPT system with an isostatic pressure of 2,000 atm. The timestep was also kept
constant at 0.2 fs. The first heating phase took place in 0.2 ns and the system was heated from 300
K to 2,000 K. The second heating phase took place more gradually over the course of 0.4 ns from
2,000 K to 2,400 K. Gas species that were under 40 g/mol were deleted. After the temperature
reached 2,400 K, the gas removal threshold was increased to 80 g/mol. This gas deletion regime
was maintained for the rest of the simulation.

After the system reached 2,400 K, it was held at a constant pressure of 2,000 atm for 2.32
ns. During this time significant O was deleted as a gas byproduct. To ensure that the system
reached equilibrium, the system was further heated to 2,600 K over the course of 0.38 ns and was
allowed to hold at this temperature for additional 2.67 ns. The gas data were extracted using “fix
reaxff/bonds” command with an upper bond limit set at 5 per atom. Table 1 shows the simulation

condition comparisons with earlier studies.

Table 1. Comparison of atom number, temperature, and holding time in this and other studies.
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Starting Polymer Number of Holding Holding Source
atoms Temperature  time at peak
(K) temperature
(ns)
PSO 93680 2400 2.32 at 2400 This work
2600 K, 2.67 at
2600 K
Polymethylhydridosiloxane, 1628 1800 4.7 [17]

hydridopolycarbosilane
Polymethylhydridosiloxane, 6144 2500 1 [18]

divinylbenzene

3. Results and Discussion

Fig. 1 shows the atomic structure and composition changes during the pyrolysis of PSO.
Even though the H content seems high in atomic percent, the final H content is only ~1 wt%. In
the initial S1OC system at 0 ns and 300 K, the atomic distributions of C, O, Si, and H reflect that
of a crosslinked polymer structure (Fig. 1a). These species mix homogeneously throughout the
system with no observable features. With the increase in pyrolysis time to 0.5 ns, both large and
small SiO; clusters form as shown in Fig. 1b. Some Si-O rich clusters become connected,
surrounded by a continuous carbon matrix. With the continuation of the pyrolysis to 1 ns and until
completion, a large Si0O; cluster appears and continues to mature (Figs. 1¢ and 1d). There are some
smaller SiO2 clusters in the carbon matrix; however, their overall volume is much smaller. This is

the first time that such atomic structure evolution is observed. Previous studies cannot identify
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such an event due to the small number of atoms involved in the simulation, which cannot
accommodate the space needed for multiple clusters of different sizes. Despite having similar
simulation setups and using the same atomic potentials, our larger simulation system (15-57 times

larger) can simulate the evolution of different size SiO: clusters (Figs. 1b-d) and their distributions.
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Fig. 1. SiOC atomic structure progression at 0 ns (a), 0.5 ns (b), 1 ns (¢), and 6 ns (d). Composition
changes with simulated pyrolysis time (). In all the images, the color scheme is as follows: Si-red,

O-blue, C-yellow, H-pink.

Fig. 1e shows the compositional changes with the simulation time. First, we observe that
the O atomic percent increases from 6.9 to 10% and then decreases from 10% to 7.7%. Such O
changes have not been simulated before even though it is a critical process for SiO> cluster
carbothermal reduction. The increase is due to the release of C and H species and thus total

decrease in number of atoms before loss in O. The decrease is due to the reduction in O from
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release of CO, O, and COa». Also, there is a Si and O content difference even though they have 1:1
ratio at the starting state. This difference has not been observed before. As surprisingly, there is a
large difference in the compositions of the larger SiO; cluster and the smaller SiO: clusters. Most
O loss occurs in the large SiO> cluster. The smaller SiO; clusters have little to no O loss and remain
mostly unchanged throughout the simulation. The larger SiO> cluster has 29 at% O while the
smaller SiO; clusters have 44 at% O at the end of the simulation. This implies that the O loss is
sensitive to the size of the clusters. The larger SiO> region appears to be the main region capable
of O reduction. This difference is directly related to the C diffusion discussed related to Fig. 3.
Previous studies using smaller size simulation systems have not been able to capture this effect.
This is further confirmed when comparing the O levels with previous simulations [18].

As shown in Fig. le, other compositional trends such as the increase in the Si atomic
percent and the decrease in the H atomic percent have been observed in previous studies [17, 18].
Initially, most of the mass loss is attributed to losses in C and H due to polymer side group
decomposition. The increases in C and Si coincide with the O loss while the decrease in H
continues throughout the pyrolysis process. Because of the observed compositional differences
over time, based on the size of the pyrolyzed SiOC system and the differences in the large and
small S10; clusters, the overall simulation system size is an important consideration for accurate
description of the pyrolysis process.

The large O content difference in the large and small SiO; clusters indicates that the smaller
Si0; regions are too small to absorb amorphous C. From fundamental point of view, this should
be related to the lack of void space in the small SiO; clusters. In the traditional carbothermal
reduction process, the smallest SiC particle size formed is >10 nm [24-26]. Some claims that the

reaction SiC mechanism includes rapid formation of a gaseous SiO intermediate and reaction with
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C [27]. In our study, the simulation temperature is much less than 1300°C in actual experimental
systems [24-26, 28, 29]. Thus, SiO cannot be gasified. This new finding is also consistent with the
widely observed resistance of SiO; cluster size increase in SiIOC systems [6, 11-14, 30]. Most of
the SiO2 domains in SiOC remain at <5 nm size. This could be a residual result of carbothermal
reduction of larger SiO; clusters and the carbothermal reduction resistance of the already reduced
SiO: cluster cores below a threshold size. For the initially small SiO> clusters in this work, they
remain small and stable throughout the pyrolysis process. Because of their small sizes, the atomic
structures are also largely amorphous. When the SiO cluster size is <5 nm, SiC formed would be
even smaller size. Many of such SiC clusters are unstable because of the small SiC size (less than
the stable nuclei size). Thus, the carbothermal reduction process cannot proceed. This is an
important finding and has only been observed in our simulation.

Fig. 2a shows the normalized Si-Si, Si-O, Si-C, and C-C bond changes over time. The Si-
Si, Si-0O, and Si-C bonds were normalized to the total number of Si-containing bonds and the C-C
bond was normalized to the total number of C-containing bonds. There is a significant gain in Si-
Si bonding as the simulation progresses, suggesting that Si-Si bonds act as an important
intermediate in the reduction of O. This observation is consistent with the Si phase observed in
earlier studies [30-32]. The gain in Si-Si bonds is mirrored by the loss in both Si-C and Si-O bonds.
The initial loss in the Si-C bonds can be correlated with the hydrocarbon side group separation
from the Si-O backbone and the amorphous C formation [33], as manifested by the C-C bond
increase. The loss in the Si-C bonds is compensated by an increase in C atoms themselves. The Si-
O bond loss, which lags the Si-C bond loss, is due to the C diffusion into the large Si-O rich cluster

and replacing Si-O bonds with Si-C bonds (as shown in Figs. 3b and c).
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Fig. 2. Normalized Si-Si, Si-O, Si-C, and C-C bond changes over time (a), weight-averaged

molecular weight of C along with C atomic distribution changes (b).

The weight-averaged molecular weight, which is used in polymers to determine the chain
length, is shown in Fig. 2b for the C species to determine the C cluster size increase over time. The
C cluster size increases exponentially from 0 to 2 ns and then plateaus for the remaining duration
of the simulation. The drastic increase in the molecular weight indicates the bonding and growth
of the C clusters as shown in the atomic structures. At the beginning of the pyrolysis, the C atoms
form homogeneous and small clusters. At the beginning of the plateau region, there is segregation
of C into discrete domains. More C atoms are bonded but still amorphous. At the end state of the
plateau, separated C clusters continue to bond and grow into dense networks; there are clear
graphitic regions at the Si-O rich cluster and C interface, as indicated by the red circle.

The decrease in Si-O bonds and thus the O deletion in Fig. 2a from 0.6 ns onwards coincide
with the increase in the C cluster size as seen in Fig. 2b. In our earlier work [34, 35], we showed
that for SiOC systems a higher C content leads higher electrical conductivity. Since the electrical

conductivity for SiOC systems is through C, we can state that C cluster growth is correlated with

10
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less Si-O clusters and thus O removal. Other traditional SiO2-C systems have shown that SiC
growth increased with the C content by consuming SiO2[36]. In a conventional carbonaceous/SiO>
hydrogel system, the dense glasses with a carbon content of <10 wt% are stable up to 1000°C in
air. Heat treatment at 1300-1400° C renders porous structures and oxidation by air [25]. This again
means that C growth leads to O removal. Earlier work suggested that carbothermal reduction is
hindered by increased pressure [6]. In this study, the increased pressure used in simulations seems
to result in faster C species growth and lower amounts of O reduction.

Fig. 3a shows the overall gas composition variations over time. The large peaks are the
result of changes in the simulation conditions such as increases in temperature or in the molecular
weight threshold. These peaks result from the discretization necessary for gas deletion in
simulation. The important aspect to observe from Fig. 3a is the relative magnitude of different gas
species. The rate of gas deletion after 2 ns remains very small for the rest of the simulation duration.
As depicted in Fig. 3a, nearly all the changes in compositions are attributed to gas loss from H-
and C-containing species before 0.6 ns. The deletion of O is not observed significantly until the
system reaches a holding temperature of 2400 K. As noted previously, the larger SiO» cluster is
the majority source of O loss. This is attributed to enabling the diffusion of larger C clusters by
the larger SiO; cluster, which can only happen after the SiOC ceramic forms, not during the
polymer decomposition. Figs. 3b and ¢ show two consecutive images where large clusters of C are
broken into smaller groups. This event occurs during the peak oxygen loss time span of 0.6 ns to
Ins and can be observed happening along the SiO»-C interface. The size of C clusters plays an
important role in the ability of C diffusing into the SiO» cluster and reacting with the O present.

Larger C clusters must break apart to facilitate C diffusion into the Si-O network. This further

11
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confirms that only a sufficiently large SiO> domain can handle the diffusion of C clusters, as

discussed earlier.

U
=
e
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Gas composition (atoms)

0.0 0.5 1.0 1.5 2.0

Time (ns)
Fig. 3. (a) Gas loss over time; two consecutive atomic structures of a simulated region at 0.75 ns
(b) and 0.7505 ns (c). In both images, the color scheme is as follows: Si-red, O-blue, C-yellow, H-

pink.

4. Conclusions

In this work, carbothermal reduction of SiO; in PSO-derived SiOC ceramics was studied
using ReaxFF simulation in LAMMPS with >93K atoms and up to ~6 ns simulation time. We
demonstrate for the first time that SiOC evolves into different clusters during pyrolysis along with
compositional changes, especially O loss. Also, SiO> cluster size plays an important role in the
diffusion of C into SiO: clusters. Only larger SiO; clusters are capable of O reduction while smaller
Si0; regions cannot accommodate C diffusion. C cluster growth is correlated with O removal. C

diffusion into SiO> cluster further confirms that carbothermal reduction is dependent on SiO»

12
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cluster size. This is the first report on the O removal and C interaction with different SiO- clusters

in polymer derived SiOC systems.
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Abstract:

Carbothermal reduction is the primary mechanism for SiC formation in polymer derived
ceramics. However, the specific process involved in the SiOC conversion to SiC and the role of
oxygen and carbon are unknown. Using ReaxFF with LAMMPS in a large simulation system
containing more than 93K atoms, this study for the first time shows that O must be removed from
SiO> clusters for SiC formation, providing insights into the carbothermal reduction mechanism.
Si0; regions need to be of a large enough size to induce O reduction. C cluster growth is inversely
related to removal of O. This work shows not only the importance of the simulation system size in
understanding atomic interactions but also absence of phase separation of SiOC to SiO». Instead,

Si0; converts to SiC through C diffusion and O removal.

Keywords: Carbothermal reduction; Polymer derived ceramics; ReaxFF; Oxygen removal;

Cluster size

1. Introduction

Pyrolysis of polymer derived ceramics has been actively studied in recent years [1, 2]. Use
of polysiloxane (PSO) as a preceramic precursor is of particular interest due to its highly tunable
microstructure and the ability to create near net shapes in the pyrolysis stage [3]. Experimentally
these precursors are pyrolyzed in a wide range of temperatures. The majority of mass loss occurs
between 400 and 600°C through polymer decomposition [4]. At temperatures lower than 1300°C,
there is no distinct crystalline regions [5]. Amorphous SiOC domains coexist with free C networks.
At temperatures of greater than 1300°C, there is a notable decrease in O composition paired with
the formation of B-SiC [6-8]. It is assumed that SiO> and free C react and O leaves the system as

2
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CO [6, 7]. This is the well-accepted carbothermal reduction of Si-O bonds by C and formation of
SiC through Si-C bonds.

Carbothermal reduction is characterized by two aspects. The reduction of O and the
formation of B-SiC. There have been many theorized reaction routes that lead to the reduction of
0. Egs. (1) and (2) are two commonly theorized reactions [7]. Eq. (1) forms a SiO gas intermediate
and Eq. (2) creates an amorphous Si intermediate.

C(s) + Si0,(s) = Si0(g) + CO(g) (1)
C(s) + Sio(g) = Si(s,L,g) + CO(g) (2)
For the above reactions, there are two corresponding SiC formation reactions [7]:
2C(s) + Sio(g) = SiC(s) + C0O(g) 3)
Si(s,l,g) + C(s) = SiC(s) (€))

Both of these theorized reactions play a role in the overall carbothermal reduction. For
polymer derived ceramics, carbothermal reduction is commonly observed at pyrolysis
temperatures higher than 1300°C and increases with temperature [6, 8, 9] [10]. In addition, S10;
clusters in such systems are resistant to phase transformation and remain small (<5 nm) and
amorphous [11-14].

From a simulation perspective, there have not been many papers studying the pyrolysis of
polymer derived ceramic systems. Of the limited papers published, molecular dynamic simulations
demonstrate the formation of amorphous ceramic regions that cannot be seen experimentally. A
hydridopolycarbosilane (HPCS) polymer was heated to 5000 K to simulate the polymer
decomposition [15]. It was found that the C-H and Si-H bonds began to break at ~1000 K while
the Si-C cleavage was not initiated until 2000 K. The pyrolysis of polydimethylsiloxane (PDMS)

in the presence of water, NO, and ozone happened at 2500 K [16]. For a blend of HCPS and
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polyhydromethylsiloxane (PHMS) [17], Si-H, C-H, and Si-CH3 bonds were broken at 1000 K
while C-C bond formation increased at 1800 K. In addition, a new force field parameter was
applied to the simulations of PHMS/HCPS [18]. When the temperature increased to 2500 K, which
met the before-mentioned threshold of accelerated Si-C bond breakage, the simulation was able to
illustrate phase separation and achieve experimentally verifiable end compositions [18].

However, none have been able to observe the fate of oxygen, which was one of the key
aspects of carbothermal reduction discussed above. Among different factors, the small number of
atoms used in the simulation systems is a major issue [19]. Previous studies used systems
containing less than 10,000 atoms. Such small systems cannot sufficiently represent different
domains and interactions in SiOC systems. They also limit the scalability of the results. Along this
line, elevated temperatures and pressures [17, 18, 20] have been used to speed up pyrolysis kinetics
and allow for relevant observations. However, such approaches inevitably alter the
thermodynamics of bond breaking/formation and atomic diffusion.

This paper aims to address the system size deficiency in SiOC pyrolysis simulation by
using ~100,000 atoms while achieving the simulation duration to ~6 ns. We demonstrate for the
first time the removal of O through carbon diffusion, the first step in carbothermal reduction. In
addition, different O loss behaviors are observed in different SiO2 clusters. We have also explored

the effects of O content on C cluster growth.

2. Computational Methods
A polysiloxane (PSO) precursor with a linear structure and random distribution of various
hydrocarbon side groups was first created using Python. Eight of these linear polymer units, each

having 100 Si-O backbone units, were spatially randomized. The overall system was consolidated
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using LAMMPS [21], a massively parallel molecular dynamic simulation software in conjunction
with the ReaxFF potential package created by Van Duin et al [22, 23]. The consolidation
simulation occurred over 200,000 timesteps under an isostatic pressure of 2 atm and a temperature
of 300 K. A NPT thermostat was used for this step. At this stage the overall system had 11,070
atoms. The system was further expanded to 93,680 atoms by juxtaposing the initial simulation
boxes.

The fully expanded system was heated gradually to 2,400 K in a two-step process. Each of
the steps utilized a NPT system with an isostatic pressure of 2,000 atm. The timestep was also kept
constant at 0.2 fs. The first heating phase took place in 0.2 ns and the system was heated from 300
K to 2,000 K. The second heating phase took place more gradually over the course of 0.4 ns from
2,000 K to 2,400 K. Gas species that were under 40 g/mol were deleted. After the temperature
reached 2,400 K, the gas removal threshold was increased to 80 g/mol. This gas deletion regime
was maintained for the rest of the simulation.

After the system reached 2,400 K, it was held at a constant pressure of 2,000 atm for 2.32
ns. During this time significant O was deleted as a gas byproduct. To ensure that the system
reached equilibrium, the system was further heated to 2,600 K over the course of 0.38 ns and was
allowed to hold at this temperature for additional 2.67 ns. The gas data were extracted using “fix
reaxff/bonds” command with an upper bond limit set at 5 per atom. Table 1 shows the simulation

condition comparisons with earlier studies.

Table 1. Comparison of atom number, temperature, and holding time in this and other studies.
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Starting Polymer Number of Holding Holding Source
atoms Temperature  time at peak
(K) temperature
(ns)
PSO 93680 2400 2.32 at 2400 This work
2600 K, 2.67 at
2600 K
Polymethylhydridosiloxane, 1628 1800 4.7 [17]

hydridopolycarbosilane
Polymethylhydridosiloxane, 6144 2500 1 [18]

divinylbenzene

3. Results and Discussion

Fig. 1 shows the atomic structure and composition changes during the pyrolysis of PSO.
Even though the H content seems high in atomic percent, the final H content is only ~1 wt%. In
the initial S1OC system at 0 ns and 300 K, the atomic distributions of C, O, Si, and H reflect that
of a crosslinked polymer structure (Fig. 1a). These species mix homogeneously throughout the
system with no observable features. With the increase in pyrolysis time to 0.5 ns, both large and
small SiO; clusters form as shown in Fig. 1b. Some Si-O rich clusters become connected,
surrounded by a continuous carbon matrix. With the continuation of the pyrolysis to 1 ns and until
completion, a large Si0O; cluster appears and continues to mature (Figs. 1¢ and 1d). There are some
smaller SiO2 clusters in the carbon matrix; however, their overall volume is much smaller. This is

the first time that such atomic structure evolution is observed. Previous studies cannot identify
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such an event due to the small number of atoms involved in the simulation, which cannot
accommodate the space needed for multiple clusters of different sizes. Despite having similar
simulation setups and using the same atomic potentials, our larger simulation system (15-57 times

larger) can simulate the evolution of different size SiO: clusters (Figs. 1b-d) and their distributions.
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Fig. 1. SiOC atomic structure progression at 0 ns (a), 0.5 ns (b), 1 ns (¢), and 6 ns (d). Composition
changes with simulated pyrolysis time (). In all the images, the color scheme is as follows: Si-red,

O-blue, C-yellow, H-pink.

Fig. 1e shows the compositional changes with the simulation time. First, we observe that
the O atomic percent increases from 6.9 to 10% and then decreases from 10% to 7.7%. Such O
changes have not been simulated before even though it is a critical process for SiO> cluster
carbothermal reduction. The increase is due to the release of C and H species and thus total

decrease in number of atoms before loss in O. The decrease is due to the reduction in O from
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release of CO, O, and COa». Also, there is a Si and O content difference even though they have 1:1
ratio at the starting state. This difference has not been observed before. As surprisingly, there is a
large difference in the compositions of the larger SiO; cluster and the smaller SiO> clusters. Most
O loss occurs in the large SiO» cluster. The smaller SiO; clusters have little to no O loss and remain
mostly unchanged throughout the simulation. The larger SiO> cluster has 29 at% O while the
smaller SiO; clusters have 44 at% O at the end of the simulation. This implies that the O loss is
sensitive to the size of the clusters. The larger SiO> region appears to be the main region capable
of O reduction. This difference is directly related to the C diffusion discussed related to Fig. 3.
Previous studies using smaller size simulation systems have not been able to capture this effect.
This is further confirmed when comparing the O levels with previous simulations [18].

As shown in Fig. le, other compositional trends such as the increase in the Si atomic
percent and the decrease in the H atomic percent have been observed in previous studies [17, 18].
Initially, most of the mass loss is attributed to losses in C and H due to polymer side group
decomposition. The increases in C and Si coincide with the O loss while the decrease in H
continues throughout the pyrolysis process. Because of the observed compositional differences
over time, based on the size of the pyrolyzed SiOC system and the differences in the large and
small S10; clusters, the overall simulation system size is an important consideration for accurate
description of the pyrolysis process.

The large O content difference in the large and small SiO; clusters indicates that the smaller
Si0; regions are too small to absorb amorphous C. From fundamental point of view, this should
be related to the lack of void space in the small SiO; clusters. In the traditional carbothermal
reduction process, the smallest SiC particle size formed is >10 nm [24-26]. Some claims that the

reaction SiC mechanism includes rapid formation of a gaseous SiO intermediate and reaction with
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C [27]. In our study, the simulation temperature is much less than 1300°C in actual experimental
systems [24-26, 28, 29]. Thus, SiO cannot be gasified. This new finding is also consistent with the
widely observed resistance of SiO> cluster size increase in SiIOC systems [6, 11-14, 30]. Most of
the SiO; domains in SiOC remain at <5 nm size. This could be a residual result of carbothermal
reduction of larger SiO; clusters and the carbothermal reduction resistance of the already reduced
SiO; cluster cores below a threshold size. For the initially small SiO> clusters in this work, they
remain small and stable throughout the pyrolysis process. Because of their small sizes, the atomic
structures are also largely amorphous. When the SiO cluster size is <5 nm, SiC formed would be
even smaller size. Many of such SiC clusters are unstable because of the small SiC size (less than
the stable nuclei size). Thus, the carbothermal reduction process cannot proceed. This is an
important finding and has only been observed in our simulation.

Fig. 2a shows the normalized Si-Si, Si-O, Si-C, and C-C bond changes over time. The Si-
Si, Si-O, and Si-C bonds were normalized to the total number of Si-containing bonds and the C-C
bond was normalized to the total number of C-containing bonds. There is a significant gain in Si-
Si bonding as the simulation progresses, suggesting that Si-Si bonds act as an important
intermediate in the reduction of O. This observation is consistent with the Si phase observed in
earlier studies [30-32]. The gain in Si-Si bonds is mirrored by the loss in both Si-C and Si-O bonds.
The initial loss in the Si-C bonds can be correlated with the hydrocarbon side group separation
from the Si-O backbone and the amorphous C formation [33], as manifested by the C-C bond
increase. The loss in the Si-C bonds is compensated by an increase in C atoms themselves. The Si-
O bond loss, which lags the Si-C bond loss, is due to the C diffusion into the large Si-O rich cluster

and replacing Si-O bonds with Si-C bonds (as shown in Figs. 3b and c).
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Fig. 2. Normalized Si-Si, Si-O, Si-C, and C-C bond changes over time (a), weight-averaged

molecular weight of C along with C atomic distribution changes (b).

The weight-averaged molecular weight, which is used in polymers to determine the chain
length, is shown in Fig. 2b for the C species to determine the C cluster size increase over time. The
C cluster size increases exponentially from 0 to 2 ns and then plateaus for the remaining duration
of the simulation. The drastic increase in the molecular weight indicates the bonding and growth
of the C clusters as shown in the atomic structures. At the beginning of the pyrolysis, the C atoms
form homogeneous and small clusters. At the beginning of the plateau region, there is segregation
of C into discrete domains. More C atoms are bonded but still amorphous. At the end state of the
plateau, separated C clusters continue to bond and grow into dense networks; there are clear
graphitic regions at the Si-O rich cluster and C interface, as indicated by the red circle.

The decrease in Si-O bonds and thus the O deletion in Fig. 2a from 0.6 ns onwards coincide
with the increase in the C cluster size as seen in Fig. 2b. In our earlier work [34, 35], we showed
that for SiIOC systems a higher C content leads higher electrical conductivity. Since the electrical

conductivity for SiOC systems is through C, we can state that C cluster growth is correlated with

10
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less Si-O clusters and thus O removal. Other traditional SiO-C systems have shown that SiC
growth increased with the C content by consuming SiO2[36]. In a conventional carbonaceous/SiO>
hydrogel system, the dense glasses with a carbon content of <10 wt% are stable up to 1000°C in
air. Heat treatment at 1300-1400° C renders porous structures and oxidation by air [25]. This again
means that C growth leads to O removal. Earlier work suggested that carbothermal reduction is
hindered by increased pressure [6]. In this study, the increased pressure used in simulations seems
to result in faster C species growth and lower amounts of O reduction.

Fig. 3a shows the overall gas composition variations over time. The large peaks are the
result of changes in the simulation conditions such as increases in temperature or in the molecular
weight threshold. These peaks result from the discretization necessary for gas deletion in
simulation. The important aspect to observe from Fig. 3a is the relative magnitude of different gas
species. The rate of gas deletion after 2 ns remains very small for the rest of the simulation duration.
As depicted in Fig. 3a, nearly all the changes in compositions are attributed to gas loss from H-
and C-containing species before 0.6 ns. The deletion of O is not observed significantly until the
system reaches a holding temperature of 2400 K. As noted previously, the larger SiO» cluster is
the majority source of O loss. This is attributed to enabling the diffusion of larger C clusters by
the larger SiO; cluster, which can only happen after the SiOC ceramic forms, not during the
polymer decomposition. Figs. 3b and ¢ show two consecutive images where large clusters of C are
broken into smaller groups. This event occurs during the peak oxygen loss time span of 0.6 ns to
Ins and can be observed happening along the SiO»-C interface. The size of C clusters plays an
important role in the ability of C diffusing into the SiO» cluster and reacting with the O present.

Larger C clusters must break apart to facilitate C diffusion into the Si-O network. This further
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confirms that only a sufficiently large SiO> domain can handle the diffusion of C clusters, as

discussed earlier.

U
=
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100

Gas composition (atoms)

0.0 0.5 1.0 1.5 2.0

Time (ns)
Fig. 3. (a) Gas loss over time; two consecutive atomic structures of a simulated region at 0.75 ns
(b) and 0.7505 ns (c). In both images, the color scheme is as follows: Si-red, O-blue, C-yellow, H-

pink.

4. Conclusions

In this work, carbothermal reduction of SiO; in PSO-derived SiOC ceramics was studied
using ReaxFF simulation in LAMMPS with >93K atoms and up to ~6 ns simulation time. We
demonstrate for the first time that SiOC evolves into different clusters during pyrolysis along with
compositional changes, especially O loss. Also, SiO> cluster size plays an important role in the
diffusion of C into SiO: clusters. Only larger SiO; clusters are capable of O reduction while smaller
Si0; regions cannot accommodate C diffusion. C cluster growth is correlated with O removal. C

diffusion into SiO> cluster further confirms that carbothermal reduction is dependent on SiO»
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cluster size. This is the first report on the O removal and C interaction with different SiO- clusters

in polymer derived SiOC systems.
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