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Abstract C black is a class of substantial materials with a long history of applications. However,
except from some descriptions on primary reactions, subsequent processes up to the final formation
mechanism remain unclear. This mechanism is also crucial to understand the formation of other
carbonaceous materials. In this work, we visualize C black formation by acetylene pyrolysis using
molecular dynamic simulations with a molecular reactive force field named ReaxFF. We find that the
formation undergoes four stages: 1) chain elongation by H abstraction and polymerization of small C
species, 2) chain branching, 3) cyclization and ring densification, and 4) condensed ring folding. The
simulated C black particle possesses a structure of folded graphite layers, in good accordance with
experimental observations. Cyclization and condensation are derived from fusion among neighboring
chains, significantly varying from common experimental observations at relatively low temperatures
that abide by the mechanism of H abstraction and C,H, addition. Moreover, polyyne and polyene are
usually found in acetylene pyrolysis, suggesting that the pyrolysis of acetylene and other hydrocarbons

may be a feasible method of obtaining carbyne, a novel carbonaceous material with high value.

Keywords C black, acetylene pyrolysis, formation mechanics, molecular dynamic simulation, ReaxFF,

and carbyne.
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1. Introduction

Carbonaceous materials such as fullerene, carbon nanotubes, and graphene, as well as
composites based on these materials, have increasingly become research hotspots because of their
excellent potential properties and performances . However, these materials have not yet been
applied extensively because of low yields. Controllable and efficient preparation is key to the
applications of these materials.*'® On the other hand, the formation of C particles due to the
incomplete combustion of carbonaceous fuels is one basic cause of air pollution. These C particles
usually cause respiratory diseases and are therefore highly unwanted byproducts.'' Increasing
combustion completeness and decreasing the formation possibility of these particles require new
technologies.'? In addition, hydrocarbons such as acetylene provide a kind of H energy resource and
pose an important issue of methods to increase H production and purity during H abstraction.'*'*

Evidently, understanding the related mechanism for the controllable and efficient preparation of
carbonaceous materials, the complete combustion of carbonaceous fuels, and H production is
crucial. However, these processes usually occur under extreme conditions, such as high temperature,
high pressure, electric discharge, and flame. In addition, these processes involve a series of complex
homogeneous and heterogeneous reactions, causing difficulties in exploring the mechanism.'? A
recently developed reactive force field, ReaxFF, provides an opportunity to overcome these
difficulties. The use of ReaxFF can be feasible in large-scale systems involving numerous reactions.
In addition, this technology has been successfully applied to heated and shock explosives, fuel
combustion, and pyrolysis, with the aid of chemical quantum and kinetic calculations'”?*. In
systems involving several hundred millions of atoms, the ReaxFF molecular dynamic (MD) method

can offer results comparable to ab initio MD simulations or experiments.

An understanding of mechanisms involved in the formation of above-mentioned carbonaceous
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materials and particles, as well as H production, can be exemplified by the mechanism of C black
formation by acetylene pyrolysis. Acetylene was selected because the organic compound is a
common source and precursor of the C materials. In addition, acetylene pyrolysis has been the
object of several studies, which provide basis for this work. This work intends to visualize acetylene
pyrolysis by the molecular reactive force field, ReaxFF.

C black is a class of important materials that is extensively applied to improve structural,
mechanical, electric, optical, and catalytic properties.”>*® This material is produced by the
incomplete combustion or decomposition of carbonaceous substances and possesses a history of use
spanning about two centuries. C black is a light, soft, and amorphous C form with extremely high
specific surfaces and common sizes of 5 to 50 nm. Microscopically, both graphite-like crystal
structures and amorphous structures are believed to be involved in C black. Earlier X-ray diffraction
analyses showed that C black particles are composed of microcrystalline structures with several
folding layers. The layer structures are graphitic, with greater interlayer distances of 0.34 to 0.41
nm relative to graphite. Meanwhile, stacking of distorted and inserted layers leads to amorphous
structures in C black particles. Subsequently, transmission electron microscopy and high resolution
phase-contrast microscopy examinations confirmed the ordered stacking of microcrystalline
structures, instead of the random stacking suggested by X-ray diffraction analyses results. Local
crystal structures and wrinkled steps were recently found using scanning tunnel microscopy and
atomic force microscopy methods.”>*

Two pathways are believed to be involved in the formation mechanism of C black by acetylene
pyrolysis. These pathways are molecular and radical additions, which are favored at low and high

temperatures, respectively. The H abstraction and C,H, addition (HACA) mechanism® for

polycyclic aromatic hydrocarbons (PAHs) and final C black nucleation and formation is widely

3
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accepted. Several pioneering works showed that acetylene pyrolysis consists of the first important
reaction step toward the initial formation of vinylacetylene (CsHs) and diacetylene or 1,3-butadiyne
(C4H,).**7 Successive reactions form PAHs and C black precursors. The increase in PAH sizes and
final C black formation can be explained by the so-called HACA mechanism. In fact, data on
observed chemical species during acetylene pyrolysis are still limited. For example, molecules
range from H,, methane, and benzene®®, to heavy PAHs, such as dibenzo(a,h)anthracene (CaoHjs),
benzo(g,h,1) perylene (CyHj,), and coronene (Cy4Hi,) 3944 Radicals include C4H4, C4H,, CeH,
(1,3,5-hexatriyne), and CsH, (1,3,5,7-octatetrayne) **°. Structures and components of multiple
depositions in pyrolysis have not been confirmed, and numerous intermediates and products have
only been kinetically deduced. Therefore, we can conclude that C black formation processes remain
unclear, which is attributed to the high complexity of the processes. In particular, the growth
mechanism of C black particles cannot be fully explained by the HACA theory.

Full-atom simulations can image the entire evolution of these complex reactions and provide
opportunities to explore the formation mechanism. By ReaxFF MD simulations, we reveal four
stages of C black formation by acetylene pyrolysis. In addition, we discover numerous C chains,
including polyyne and polyene, during the formation. Moreover, isolated benzene molecules were
not found in our simulations. This finding significantly varies from previous observations and
conjectures, possibly leading to a deeper insight into the pyrolysis at higher temperatures.
Furthermore, by employing the same methods applied here, we believe that the pyrolysis of other
hydrocarbons can be imaged.

2. Simulation Methodologies
Simulating acetylene pyrolysis requires adequate structures and conditions. In our simulations,

1000 C,H, molecules were contained in two cubic cells with lengths of 75.61 and 137.4 A, which

4
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correspond to densities of 0.1 and 0.01 g/cm’, respectively. In contrast to the density at standard
state of 0.0017 g/cm’, these CoH, in cells were greatly compressed to a density enhanced about 60
times. This compression, which leads to a higher pressure and a higher concentration of C,H,, will
increase reaction velocities and shorten the time to attain equilibrium at the same temperature in
terms of chemical kinetic theory. That is, within the time limitation of our simulations, more
information will be obtained for the compressed C,H,. Acetylene black is usually formed by the
incomplete combustion of acetylene, which has a flame temperature exceeding 3000 K. Therefore,
three temperatures 2500, 3000, and 3500 K were assigned for simulations. Moreover, it should be
noted that industrial flame processes for manufacturing C-black may operate at pressures of just a
few atm or so with C-black accumulating in pre-flame regions with temperatures hovering around
2000-2500 K, i.e., there is much enhancement of temperatures and pressures applied for simulations.
While, this enhancement suggest an implication, e.g., one would expect recombinations to be more
active at these enhanced temperatures and pressures, even though the mechanism of C-black growth

may not exactly operate under such simulation conditions.

e
75.6A
137 4A

(b)
Fig. 1 Cubic cells containing 1000 C,H, molecules for modeling. (a) d = 0.1 g/cm3 and (b) d=0.01 g/cm3. C and
H atoms are represented in black and green, respectively. This representation is considered in the following

figures.

Canonical particle number (N), volume (V), and temperature (T) conditions (NVT), and the
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above-mentioned molecular reactive force field ReaxFF combined with MD method in a LAMMPS

47,48
package*”

were employed to simulate the related evolution resembling acetylene pyrolysis. A
total of six simulations were performed. Fig. 1 shows the two cells, each covering two densities and
three temperatures. Simple Nosé—Hoover thermostat method ** was adopted in these simulations,
and the time-step and effective relaxation time were assigned as 0.1 and 20 fs, respectively.
Specifically, the coupling frequency of the thermostat to nuclear motion was composed of 200
time-steps. Each cell was relaxed using an NVT MD simulation at 300 K for 10 ps, and no C,H»
decay was found prior to heating to the assigned temperatures. Then, six independent simulations
were performed for 5 ns, and the atomic positions and velocities were recorded every 1 ps, namely,
5000 frames were used for trajectory analyses.

The principle of ReaxFF method can be found in the literature®®. In a typical procedure,
ReaxFF is an improved force field derived from earlier reactive empirical force fields, such as those
by Brenner, which are parameterized to reproduce the density functional theory (DFT) results for

1.2 ReaxFF is a reactive force field based on the bond-order

selected systems and properties
principle. That is, the bond orders are updated each MD step, thus allowing the ReaxFF to
recognize new bonds and to break existing bonds between the atoms of reacting molecules. The
instantaneous valence force and interaction energy between two atoms is determined by the
instantaneous bond order, which in turn is determined by the instantaneous bond distance. At the
same time, other valence interactions are written in terms of the bond order so that they all go
smoothly to zero as bonds dissociate. Also, the instantaneous bond orders are subsequently
corrected with overcoordination and undercoordination terms designed to favor formation of the
proper number of bonds. Thereby, the bond energy is a function of bond length (Epng), valence
angle (Eya), torsion angle (Eyy), lone pair (Ej), conjugation (Eco), overcoordination (Egyer),
undercoordination (Eunder) and penalty (E,c,). Besides, a two-body van der Waals (E,qw) is included

to ensure a proper description of the short-range repulsion due to the Pauli principle and the

long-range van der Waals attraction (London dispersion). In ReaxFF, the instantaneous charge on
6
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each atom is determined by the electrostatic field due to all other charges in the system plus a
simple, second-order description of the dependence of the internal energy of the atom on charge
(expressed in terms of electronegativity and hardness). The interaction (Ecouomb) between two
charges is written as a shielded Coulomb potential so that it is well-behaved, even between bonded
atoms. Overall, the total energy of a system in ReaxFF is described as eq (1)™
Egystem=Evond + Eip+ Eover + Eunder ¥ Eval * Epen tEiors * Econj ¥ Evaw + Ecoulomb (1)

In this work, three kinds of atomic pairs of C-C, C-H and H-H are present, whose bond order
cut-offs are assigned to 0.55, 0.4 and 0.55 as usual, respectively. ReaxFF has been successfully

applied in studying the reactions of hydrocarbons with a wide temperature range of 773.15-3500 K

21223338 - qyggesting its reliability in the present study dealing with acetylene pyrolyses at 2500,

3000 and 3500 K. Besides, a post-processing program for ReaxFF simulation of chemical structural
model of coal was currently developed to understand its thermal reaction mechanisms, verifying the

reliability of the force field to carbonaceous systems™.

3. Results and Discussion

As mentioned above, ReaxFF MD simulations were performed separately on two acetylene
cells with densities of 0.01 and 0.1 g/cm® and temperatures of 2500, 3000 and 3500 K. After careful
examination, we find that acetylene pyrolysis in the cell with a density of 0.1 g/cm® at 3500 K
proceeds the fastest, which is as expected, because of the highest concentration and temperature. In
this case, pyrolysis is nearly finished after about 2 ns, so analyses and discussion within this time
range are adequate, whereas, for other cases, reactions do not reach completion within the
simulation time limit of 5 ns. Moreover, by comparing snapshots in Figs s1, s2, and s3 of Electronic
Supplementary Information (ESI) with those in Fig. 2, we find that the six simulations exhibit a
similar evolution mechanism, only varying in evolution velocities. That 1is, to more

comprehensively understand C black formation mechanism, we mainly discuss the simulation
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results in the case of 0.1 g/cm’ and 3500 K as follows, unless otherwise specified.
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Fig. 2 Snapshots of acetylene pyrolysis with time. Only carbon atoms are exhibited for clarity. (a) to (1)

correspond to 0, 10, 50, 100, 200, 400, 500, 600, 700, 1000, 1500, and 2000 ps, respectively.
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3.1 Chemical Species and Their Evolution
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Fig. 3 Evolution of C,H,, H,, and H.

C,H,—C (graphite)+H, (2)

The conversion of C,H; into perfect graphite and H, (reaction 2, which is an overall reaction)
is thermodynamically favored because of the released 226.7 kJ/mol heat in the standard state®.
Reaction 2 cannot be realized at a conventional temperature, whereas heating can make the reaction
feasible. Heating C,H, produces numerous radicals and molecules, including atomic H, H,, and
various C species, through numerous reactions. As time elapses, H atoms are first abstracted from
C,H,, and some of these atoms are combined pair-wise to form H,. As demonstrated in Fig. 3, both
the decay of the reactant C,H, and the increase in H, rapidly proceed within the initial 300 ps.
Thereafter, these changes evolved slowly as the number of C,H, molecules decreases to 20 and
fluctuates around this value after 600 ps, and as H, increases gradually to 870 at a time of 2000 ps.
For atomic H, only several picoseconds are required to reach a dynamic equilibrium amount of 25

afterwards.
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Fig. 4 Evolution of C3 to C10 species within the initial 500 ps.

Regarding C species resulting from the C,H, decay at 3500 K, the species possess a numerous
kinds with varying amounts, and most of these species are composed of single to multiple radicals.
For convenience, we distinguish these species in terms of the numbers of C atoms they contained
(n), regardless of the numbers of H atoms attached on them, and call them Cn. At an earlier stage,
the oligomerization of C;H; occurs with small dissociations. As illustrated in Fig. 4, at an n range of
3 to 10, the amounts of Cn with even 7 (i.e., C4, C6, C8, and C10) notably reached larger maxima
than those with odd » (i.e., C3, C5, C7, and C9). In addition, lower even n corresponds to larger
maxima, while Cn with higher even n are generated later. A similar conclusion can be drawn for
other Cn with » ranging from 11 to 20, as shown in Fig. s4 of ESI. In combination with the decrease

in C,H,, these results suggest acetylene polymerization by consuming low C species.
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Fig. 5 Evolution of the amounts of various C species at T=3500 K and d=0.1 g/cm’. (a) C1, (b) C2, (c) C3, (d) C4,
(e) C5, and (f) Ce.

Considering that primary structures and related amounts are crucial to the formation of the
final C black, we carefully checked all Cn (n =1 to 6) during the initial 2000 ps. For C1, no isolated
C atom is found. In addition, C1 exists in four types, namely, CH, CH,, CH3, and CHg4, all with

small amounts, that is, only one or two C1 are found in Fig. 5(a). In contrast to other C species, C1

11
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species are formed at a later part of the process. CH, CH,, CHs, and CH4 appear at 1078, 361, 90,
and 407 ps, respectively, whereas C1 seldom exists. C2 is immediately produced after C,H,
molecules were heated to 3500 K. C,, C;H, C,H3, C,Hy4, CoHs, and C,Hg appear after 1, 1, 1, 2, 36,
and 41 ps, respectively. Remarkably, as demonstrated in Fig. 5(b), C,, C;H, and C,H3 are found in
higher quantities than other newly formed species. This finding from the simulation suggests that
the primary reactions in the acetylene pyrolysis include C,H,—~C,H+H, C,H—C,+H and
C,H,+H—C,Hs. C;H4, CyHs, and C,Hg are considered as products of H addition, and their amounts
can be as insignificant as those of C1, thus implying that these addition reactions can be negligible,
as well. This result coincides with previous experimental observations at relatively low
temperatures’* . For C4 species, Fig. 5(d) shows the predominant populations of C4H, and
C4H3, which are formed by the following addition reactions of C,H with C,H and C,H,: C,H+
C,H—C4H; and C,H+ C,H,—~C4Hs. C4H4, C4Hs, and C4Hg are also produced in C2 addition, but
with lower populations. The population differences of these C4 species are dominated by the
concentrations and addition activities of C2. As illustrated in Fig. 5(b), the active C,H is greater
than other C2 species, resulting in the dominant population of C4H, species through the reaction of
C,H+ C,H—C4H,. At the same time, the higher population of C4Hj3 is attributed to the excessively
high concentration of the primary reactant C,H,, even though C,H, does not possess the highest
addition activity among all C2 species. Regarding C6, C¢Hs and CgHs4 present the highest
populations (in Fig. 4(f)) during the evolution of heated C,;H,. We can rationally deduce that these
two species were derived from the additions of C,H + C4H, and C,H + C4H3, respectively, because
of their higher concentrations and reactivity. These simulated results agree with previous
observations and conjectures *>*°. Significantly varying from observations at low temperatures,

stable benzene ring structures were not found®® in simulations at a high temperature of 3500 K.

12
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Careful examination shows CgHg presents a linear structure, instead of one composed of
six-membered rings.

With respect to C3 in Fig. 5(c) and C5 in Fig. 5(e), the species were generated later in the
reaction, like Cl1. We think that this later formation translates to the dissociation of addition
(polymerization) products. The direct dissociation of C,H, to CH occurs a greater difficulty than to
C,H and H, because HC=CH bond is considerably stronger than H-C,H bond, with bond
dissociation energy of 954 kJ/mol in contrast to 557.8 kJ/mol®. That is, the C species with odd C
atoms are formed with an advanced polymerization prerequisite. Moreover, extremely small
quantities of these species show that polymerization is predominant in the primary stage.

From the above discussion on the initial stage of C chain elongation, we can conclude that the
formation of short C chains obey the HACA mechanism®. However, no six-membered ring has
been found in the simulations.

As time proceeds, polymerization increases the sizes of certain C species, decreases the total
amounts of low C species, and leads to the final formation of C black particles. Other species like
C11 to C20 have been determined and found, as shown in Fig. s4 of ESI. In addition, tens of
molecules with more than 20 C atoms, which are polymerization or dissociation products, have also
been examined out through trajectory analyses. These molecules possess a polymerization base of
C,H, which is one of the first products of acetylene pyrolysis. The evolution of large C particles
will be discussed in the next section.

3.2 Formation Mechanism of Carbon Black

We trapped several typical snapshots in Fig. 2 to represent different stages of C black

formation. As demonstrated in the figure, formation can be divided into the following stages.

(1) Chain elongation. Fig. 2(a) exhibits the primary state of C,H,. All C,H, molecules are

13
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evenly and randomly dispersed as a solute dissolved in solution. In Fig. 2(b), several elongated
chains are found. However, the chains found at this time are relatively short this time, with 6 C
atoms found on the longest chains. As time reached 50 ps, the C atoms on the longest chains
increase to 50, as shown in Fig. 2(c). Unlike acetylene pyrolysis at relatively low temperatures,
pyrolysis at 3500 K can cause the formation of straight chains, each with tens of C atoms, instead of
cyclization once the amount of C atoms reaches six. Upon carefully examining these straight chains,
we find significantly few H atoms linked. That is, one-dimensional straight chains should be
ascribed to polyyne and polyene. The formation of polyyne and polyene should be attributed to the
end—end additions of short chains. Explicably, end—end additions are more active than end—midst or
the midst-midst ones. Meanwhile, the lack of benzene formation may be due to the high rigidity of
C6 chains, which causes considerably less opportunity for intramolecular cyclization than
intermolecular chain elongation.

(2) Chain branching. As time resumes, chain length increases, and branched chains appear, as
exhibited in Figs 2(d) and 2(e). These branched chains are the results of the end—midst fusion of
neighboring straight chains. Although the ends of chains are more active than the midst sites, the
midst sites are more kinetically dominant during addition than the ends, because of their
substantially higher concentration. That is, chain branching is a necessary result when the chains
reach a certain extent.

(3) Cyclization and cycle condensation. Cyclization of these branched chains subsequently
occurs. Cyclization resulted from the fusion of neighboring C chains, instead of the curvature of
isolated straight chains, which cannot be explained by the HACA mechanism **. Similar to above
branching caused by multiple active sites on midst and terminals of C chains at high temperatures,

cyclization is induced by these active sites, as well. As indicated on the bottom-left section of Fig.

14
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2(%), an evident five-membered ring was found. In fact, five- to eight-membered rings are observed,
agreeing with a recent quantum chemical molecular simulation results on C deposition, in which
these rings appear®’. Thermodynamically, cyclization, particularly to six-membered rings, aids in
decreasing energy and stabilizing the system. Therefore, further cycle condensation is reasonable as
nucleation occurs in C black formation. Condensed rings can be seen in Fig.s 2(g) (middle), 2(h)
(top), and 2(i) (top and bottom).

(4) Folding of condensed rings and final formation of C black. As demonstrated in Fig. 2(j), at
1000 ps, CoH; evolves into an amorphous system composed of H, straight and branched C chains,
and fused C cycles. As time elapses, most straight and branched C chains are converted into C
cycles, and then folding begins after the densification of these cycles (Fig. 2(k)). The folded, fused

cycles consist of the final C black (Fig. 2(1)), which is in agreement with experimental observations

29-32
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Fig. 6 Typical structures showing the stages in C black formation. (a) chain branching, (b) cyclization, (¢) more
branching and more cyclization, (d) ring condensation, (¢) folding, (f) more condensation and more folding, and
(g) final formation of C black.

In total, the typical snapshots in Fig. 2 can show the formation mechanism of C black, a large
15
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C particle. To show typical structures representing different stages more clearly, we abstracted
some of these structures in Fig. 6. From the figure, we can readily distinguish the structures
mentioned above, namely, branched chains, rings, condensed rings, and folded condensed rings. In
particular, several polyyne and polyene chains are found to be chemically bonded in or with these

structures. These findings imply that carbyne®

can be prepared through acetylene pyrolysis if we
can control the condition perfectly by preventing branching and cyclization, because of a stability

prediction at high temperatures®*.
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Fig. 9 Evolution of the C number of the maximal C species.

As is evident, the final formation of C black with a large quantity of C atoms consumes
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numerous small C species. Fig. 7 exhibits the evolution of the total amount of all C species: a sharp
decrease until 600 ps, followed by a gradual decrease thereafter to a final equilibrium amount of
about 70. To describe the evolution of C species in more detail, we are required to investigate their
distributions against time. From Fig. 8, we can readily conclude that C species are evolved from the
initial small sizes and large quantities to final large sizes and small quantities. During particle
growth and besides the above-mentioned polymerization, fusion among big particles also performs
an important function. For example, fusion causes an explosive increase in the C number of the
maximal C species, which presents a content of the most C atoms among all chemical species,
during a period of 300 to 600 ps, as demonstrated in Fig. 9. Typically, as is shown in Fig. 8, when
time proceeds from 500 ps to 600 ps or from 1000 to 1200 ps, the formation of larger particles
consumes large species. From 500 ps to 600 ps, one C (1200, 1300] particle is formed at the cost of
one C (100,150], one C (150,200], and one C (700,800] particles. Similarly, at 1000 ps to 1200 ps,
the formation of one C(1500, 1600] particle consumes one C(60,100], one C(300,400], and one
C(1100,1200] particles. Understandably, the explosive growth does not occur by means of

step-by-step additions of C,H, which is the first pyrolysis product of C,H,.
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On the other hand, H abstraction proceeds continuously during the formation of the maximal
species. Fig. 10 exhibits a first increase, a subsequent fluctuation, and a final decrease of H atoms in

the maximal species, which are reasonable. By both addition and fusion, the formation of larger
19
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species  will initially increase H atoms. Then, fluctuation is generated by
formation—dissociation—formation of the large particles. This progression can be deduced from Fig.
9, which exhibits a fluctuation of C numbers, as well. The final decrease is caused by continuous H
abstraction from the stable maximal C species. In other words, H atoms are continuously
dissociated from C species to form C black within the simulation time range, leading to a successive
decrease in H/C rates in Fig. 11, which is in agreement with the increase in abstracted H atoms

(including atomic and molecular) in Fig. 2.
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Fig. 12 Radial distribution functions (RDFs) of C-C at different times.(a) to (1) correspond to 0, 10, 50, 100, 200,
400, 500, 600, 700, 1000, 1500, and 2000 ps, respectively.

Furthermore, the chemical bonds between C atoms are involved, because bond types reflect the
related structures. For this complex system, a statistical method of radial distribution function (RDF,
g(r)), which provides the distances of assigned atomic pairs within a cutoff,” was employed for
analysis. Corresponding to Fig. 2, we obtain C-C RDFs from Fig. 12. Within 0 ps to 400 ps (Figs
12(a) to 12(f)), the dominant C-C distances are 1.26 A as a found g(r) peak, which is slightly longer

than that in alkyne because of the high temperature of 3500 K (e.g., 1.186 A for acetylene at 131
20
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K®). This finding suggests that the orders of C-C bonds are mainly triple in this period. As time
proceeds, the g(r) of 1.26 A is gradually eroded, and the predominant g(r) changes to a site of 1.34
A (Fig. 12(g)), implying that most C-C bonds are elongated to double C-C bonds (e.g., 1.314 A for
ethylene at 131 K®). These findings should be ascribed to the addition reactions, which are in
accordance with the chains observed in Fig. 2(g). At a time of 600 ps (Fig. 12(h)), g(r) is mainly
located at 1.44 A, which is slightly longer than the C-C bond length of graphite at room temperature
(the slight elongation resulted from high temperature, as well). In addition, the g(r) at this site
becomes increasingly acute thereafter (Figs 12(h) to 12(1)), suggesting a higher degree of perfect

cycle condensation.
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Fig. 13 C-C RDF comparison of diamond (a), graphite (b), and simulated C black (c).

To further confirm the bonding type of the final maximal C particle, we examined its RDFs
and compared them with those of diamond and graphite. As illustrated in Fig. 13, simulated C black
and graphite possess similar main RDFs, implying similar structures. However, a difference exists

between them, given by other acute peaks in Fig. 13(b) and bun-like peaks in Fig. 13(c) that
21
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represent the crystal and amorphous structures, respectively. This finding agrees with experimental
observations, which confirm the presence of graphitic crystal structures and amorphous stacking in

C black ¥,

3.3 Temperature and Density-dependent C Condensation
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Fig. 14 C,H; decay under different conditions.

As stated previously, within a simulation time of 5 ns, acetylene pyrolysis under different
densities and temperatures undergo similar evolution, but with a rate difference. In this section, we
focus on the influence of temperature and density on the evolution. From the above discussion, the
decay of C,H; and the increase in the size of the maximal species can be indicative of this evolution.
In total, Fig. 14 exhibits that the higher temperature and the higher density lead to faster decay of
C,H,, and both temperature and density perform important functions in the decay. High temperature
weakens chemical bonds, whereas low density facilitates entropy increases. Both conditions aid

C,H, dissociation, which is highly evident in the case of 0.01 g/cm’ (the lowest density in the
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simulations) and 3500 K (the highest temperature in the simulations). As demonstrated in Figs s5
and s6 of ESI, C species without H or with one H atom, i.e., C4, C4H, C¢, and C¢H, are dominant.
When temperature decreases, H atoms on C species increase. For example, Figs s7 and s8 in ESI

show the dominant populations of C4H, C4H,, C¢H, and C¢Ho.
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Fig. 15 Evolution of C numbers of the maximal C species at densities of (a) 0.01 and (b) 0.1 g/cm3.

The size of the maximal C species varies widely from the above C,H, decay. In the case of
0.01 g/cm’ density, Fig. 15(a) represents the evolution of the largest C species proceed differently at
the three temperatures within the simulation time range. These different evolutions can be
explainable, as a higher temperature accelerates reactions but does not always accelerate C
condensation. Before 1200 ps, the higher temperature leads to the more rapid size increase, because
higher temperature causes faster H abstraction and more collision opportunities among C species,
i.e., the faster C condensation. However, on the other hand, higher temperature can also accelerate
the dissociation of condensed C species. Thus, a size balance occurs after 1200 ps at 3500 K.
According to this result, we can find a gradual size increase at 2500 K and a rapid size increase to a
top, and then a fluctuation at 3000 K. These tendencies can also be roughly found in the case of 0.1
g/em® for the same reason (Fig. 5(b)). Given that species size is strongly dependent on species
amount, these evolution characteristics under different conditions can be understood by amount

evolution (see Fig. s9 of ESI).
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From the above discussion, we can see that, within the time range of the simulations, C black
formation is not a necessary result. This finding suggests that certain new structures, such as carbine,
can be obtained under ideal selected conditions.

4. Conclusions

We imaged C black formation from acetylene pyrolysis at temperatures of 2500, 3000, and
3500 K. As a result, except from the evolution velocity, we find the formation is less dependent on
the assigned acetylene density and temperature. The formation undergoes the following stages,
namely, chain elongation, chain branching, cyclization and cycle condensation, and folding of
condensed cycles. The simulated structures of C black are comparable to those of experimental
observations. At the same time, the results validate the selected molecular reactive force field, Reax
FF, in dealing with acetylene pyrolysis.

Several intermediate processes in simulations, such as further chain elongation, chain
branching, chain fusion to cycles, and condensed cycles, are widely different from the reported
observations at relatively low temperatures. These results suggest that the polyyne chains are stable
at high temperature, and that acetylene pyrolysis to carbyne chains is possible if we can control the

conditions perfectly.
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