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Abstract

Using molecular dynamics simulations with a reactive force field (ReaxFF), we generate
models of amorphous carbon (a-C) at a wide range of densities (from 0.5 g/cc to 3.2 g/cc) via the
‘liquid-quench’ method. A systematic study is undertaken to characterize the structural features
of the resulting a-C models as a function of carbon density and liquid quench simulation
conditions: quench rate, type of quench (linear or exponential), annealing time and size of
simulation box. The structural features of the models are investigated in terms of pair correlation
functions, bond-angles, pore-size distribution and carbon hybridization content. Further, the
influence of quench conditions on hybridization/graphitization is investigated for different stages
of the simulation. We observe that the structural features of generated a-carbon models agree

well with similar models reported in literature. We find that in the low-density regime, size
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effects play an important role in determining the pore size distribution and the structures are
predominantly anisotropic. Whereas, at densities larger than 1.0 g/cc, the structures are space-
filling and differences exist only in terms of carbon hybridization. The rate of structural
evolution (pore size and hybridization) during the quench process is observed to be dependent on

the quench type, rate and the annealing time.

Keywords: Amorphous carbon; liquid quench; quench MD; ReaxFF; structural characteristics;

char

1. Introduction

Carbon shows remarkable versatility since it exists in various chemical and structural
forms. On one hand, crystalline and ordered phases such as graphene, diamond, carbon
nanotubes, etc., confer an extraordinary range of properties. On the other, equally important is
the plethora of amorphous structures of carbon (denoted as a-C and alternately referred to as
disordered carbon) existing in a wide range of densities ranging from low-density, char-like
carbon to high-density diamond-like and tetrahedral amorphous carbon (denoted as ta-C [1]),
with varied structural and chemical features. Correspondingly, this confers a-C with a wide
variety of properties and applications, ranging from low-conductivity heat-shield ablators [2,3] in
the low-density regime, to high-hardness, chemically inert and optically transparent coatings
[4,5], magnetic storage applications [6] among others [5] for diamond-like amorphous carbon

films.

The term “amorphous carbon” can be attributed as an umbrella term to carbon at a large
range of densities ranging from char-like carbon (~ 0.2 to 0.5 g/cc [3]) to high-density, diamond-
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like carbon (~3.2 g/cc [5]). Since there is no well-defined order for amorphous carbon, it has
been a challenge to characterize and fully understand their structure [7]. It is in this regard that
models of a-C structure generated by computer simulation techniques become very useful in

understanding complex structure-property relations and optimize desired properties.

A large body of work exists on modeling a-C at various densities and conditions ranging
from thin films [8,9] to bulk [10-14]. They can broadly be classified broadly into three
simulation methodologies: (a) assembling structural units of amorphous carbon elements guided
by general experimental observations; (b) Reverse Monte Carlo (RMC) based methods, and (c)
mimetic approach involving quench molecular dynamics simulations (also referred to as “liquid-
guench™). Among the first class of models, the earliest model is the simplistic split-pore model
[15-18] consisting of graphite blocks separated by a pore. Biggs et. al. [19] improved the split
pore model by constructing ‘virtual porous carbon (VPC)’ that had several structural building
blocks (usually crystallites of graphene layers) consisting of topological features to mimic pore
sizes and structural features as observed in experiments. Beeman et. al. [10] constructed arbitrary
models of amorphous carbon at four densities from 2.1 g/cc to 3.4 g/cc with varying
hybridizations and ring sizes. By comparing the computed vibrational spectra of the models to
experimental Raman spectra, they deduced that a-C at these densities consists of predominantly
(close to 90%) sp® hybridized carbon. Harris et. al. [12] modeled microporous carbon built from
fullerene-like fragments that consist of five, six and seven-membered rings, led by experimental
observation of such units using Transmission electron microscopy. Powles et. al. [20] used a
similar strategy to construct ordered sp® hybridized model networks of carbon consisting of

various precursors of disordered carbon.
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The second class of models are constructed based on Reverse Monte Carlo (RMC)
method [13,14,21-27], a reconstruction technique, whereby, some structural information usually
in the form of pair correlation functions, or alternatively, the structure factor as obtained from
diffraction data (X-ray or neutron diffraction), is set as a target and a Monte Carlo algorithm
evolves the model to new configurations that minimize the difference between the simulated
structural feature and the target. Variations of the technique include adding constraints
(Constrained Reverse Monte Carlo method [25]) in the form of average bond angles and
coordination numbers and, the addition of a potential energy term for the structure obtained from

a reactive force field (denoted as Hybrid Reverse Monte Carlo method [23]).

The third class of methodology for a-C models constitute mimetic methods that try to
capture the chemistry of formation of disordered carbon. The most popular of this class of
methods is the liquid quench route, which forms the basis of this work. In this method, carbon is
quenched from a high-temperature “liquid” state to a low temperature solid. Starting with the
efforts to model a-C using first-principles based approaches [28,29], the technique has come a
long way to using highly descriptive force-fields to capture the reaction chemistry. For example,
Marks developed the Environment Dependent Interaction Potential (EDIP) for carbon and has
used it to model a-C [30,31] and showed better prediction of properties compared to the
traditional reactive potentials like Tersoff and REBO. Saurez-Martinez and co-workers [32] used
this potential to study disordered carbon at relatively high densities (1.4 g/cc to 3 g/cc) to study
structure-thermal property relationship. Shi developed the computationally efficient Reaction
Summation State (RSS) potential [33] that describes sp? hybridized carbon and employed it to
satisfactorily model a-C at densities between 0.75 g/cc to 1.5 g/cc. The same potential was used

by Palmer et. al [34] to model “carbide-derived carbon”, an amorphous form of carbon at density
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close to 0.9 g/cc. A somewhat allied technique has been used by Makeev et. al [35,36] where
bulk polyethylene (as described by the REBO reactive potential) was pyrolized, and the resulting
volatile gases were removed to obtain a porous, amorphous carbon (char). We refer the reader to
the excellent review of a-C materials by Marks [7] for a more detailed analysis on the merits and

shortcomings of various modeling approaches.

In this work, we use the liquid-quench method and the reactive force-field, ReaxFF [37]
to generate models of a-C at various densities ranging from 0.5 g/cc to 3.2 g/cc. We have
previously used this method to generate a-C at 0.5 g/cc and 1.0 g/cc (corresponding to
mesoporous and microporous carbons respectively) and characterized high-temperature diffusion
of gas molecules in these complex structures [38,39]. The advantage of using ReaxFF is that
there is no need for experimental inputs like for the Reverse Monte Carlo method, and the
relatively high accuracy in the description of reactivity makes it ideal for capturing the carbon
chemistry accurately. Recently, Li et. al. [40] compared the use of ReaxFF with the REBO and
Tersoff potentials to model a-C at densities between 2 g/cc and 3.2 g/cc using the liquid quench
method and found that ReaxFF is better at describing features such as hybridization and C-C
bond lengths at wider density ranges, though the less computationally expensive potentials

(Tersoff and REBO) could be used to model specific density regimes.

In our work, we observe that the structural features of a-C across the entire density
spectrum (from 0.5 g/cc to 3.2 g/cc) agree well with other models reported in literature. The
effects of various parameters in the liquid-quench method, namely, the quenching rate, the
annealing time, and simulation cell size are investigated in detail. Further, two different types of
guenching methods (exponential and linear) which control the rate of system temperature drop
are investigated. Also of importance is the size effects in generating a-C at lower densities (less
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than ~1.0 g/cc), where we show that increasing simulation cell sizes leads to larger pore sizes,

while the same carbon hybridization is maintained.

The paper is organized as follows. In section 2, the simulation methodology for
generation of these structures and the various structural characterization methods are explained.
Section 3 contains the results and discussion on the effect of various simulation parameters on

the final a-C structure and the conclusions are presented in section 4.

. Simulation overview and tools

2.1 Liquid quench method

The model carbon structures used in this study were generated using the liquid-quench
method [28,41] and a reactive force field, ReaxFF [37]. The liquid quench method lends itself
well to model amorphous structures, especially amorphous carbon [32,42,43], gels [44] and
inorganic oxides [41]. ReaxFF is a reactive potential, which uses the concept of bond order to
model the chemical interactions within a reactive system. The bond order based definition of
atomic and molecular interactions excludes the need for predefined reactive sites (or reaction
pathways) and allows for description of dynamic bond breaking and formation. The ReaxFF
force field parameters are derived solely from Quantum Mechanics and provide an unbiased
representation of the reaction chemistry. Thus ReaxFF potentials can be directly applied to novel
systems that may not have been studied experimentally. Using the liquid quench method in
conjunction with ReaxFF allows us to effectively model various a-C structures across a wide
variety of densities, encompassing char to glassy carbon to diamond-like carbon. We note that
among various reactive potentials for carbon (Tersoff [45], REBO [46,47], EDIP [30] and RSS

[33]), ReaxFF is the most comprehensive one which captures the chemistry most accurately.
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The steps involved in the overall process are — (a) Start with N carbon atoms placed at
random positions in a simulation cell with fully periodic boundaries, ramp the temperature to a
high value (10,000 K); (b) a short equilibration at 10,000 K (for 15 ps), followed by (c)
guenching the system to 3,000 K (via rescaling of atomic velocities at each step) with a quench
rate Q. Following this, the system was (d) annealed at 3,000 K for time t, and finally (e)
quenched and equilibrated at 300 K for about 10 ps. The overall procedure is outlined as a
flowchart in Figure 1. It should be noted that the choice of the temperature ranges in our liquid
guench simulations does not have a physical significance, and are similar to values used in
literature [32-34]. At the high temperature equilibration (10,000 K), the model mimics a gas
phase and the following quench and anneal stages mimic the formation of disordered carbon. We
use the ReaxFF force field for hydrocarbons that was developed by Chenoweth et. al. [48] and
has been used successfully to model reactions in various forms of carbon like graphene [49] and
carbon nanotubes [50]. All the ReaxFF parameters used in our studies correspond to ref. [47]
with the ‘C2’ parameter set to 70.0 to correct for the formation of unphysical carbon-carbon units
following the work of Nielson et. al [51] and the parameter set provided with the LAMMPS

distribution.

A small time step of 0.07 fs was chosen to ensure proper energy conservation at the high
temperatures employed in this work. For the constant temperature annealing stage, a Berendsen
thermostat with a damping constant of 100 fs was used. The volume was fixed during the entire
simulation process. All simulations were performed using the LAMMPS simulation package [52]

using the version of ReaxFF implemented in C, namely, the “USER-REAXC” package.

2.2 Simulation variables
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Using the liquid quench method, a-C at various densities were generated, ranging from
0.5 g/cc (mesoporous carbon mimicking char) to 3.2 g/cc (diamond-like carbon). Naturally, a
non-equilibrium process like liquid quenching has a large set of variables that could potentially
affect the structural features. Most important of these are the quench rate, the annealing time and
the system size simulated. In this work, we study the effect of all the above modeling variables
on the final structure. For the quench step, studies reported in literature have used either linear
(e.g. [28,53]) or exponential (e.g. [31,40]) quench steps. So, we also explore the effect of both
linear and exponential quench routes for generating a-C in this work. We find that the simulation
cell size plays a crucial role on the resultant pore sizes, for the lower density structures (0.5 g/cc

and 1.0 g/cc), with larger simulation cell leading to larger pore sizes.

We also note that since the liquid quench method involves a random placement of atoms
at the initial step, this can potentially lead to structures having widely different pore features, for
the same density. We have previously showed that this effect is prominent for the case of
mesoporous (with a density 0.5 g/cc) and microporous (with a density 1.0 g/cc) amorphous
carbon, where anisotropic structural features could arise, which have a direct bearing on
structural features and properties such as gas diffusion rates and thermo-mechanical properties
[38]. For those lower density regimes, we also showed that multiple realizations of structures
were required at each density to obtain statistically meaningful properties [38]. Thus, in this
work, for each simulation variable, multiple realizations of structures (three to five) were
generated and structural features (such as pair correlation function, bond-angle distribution, ring

size distribution, pore size, and carbon hybridization) were averaged over these samples.

Since ReaxFF is computationally expensive (requires an order of magnitude lower time

step and runs about 1 to 2 orders of magnitude slower than conventional reactive and non-
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reactive potentials [54]), we are limited by the total simulation times (in terms of quench rates
and annealing time) for reasonably large structures. The current simulation time-spans yield
reasonable models of amorphous carbon for the entire range of densities as described in section

3.
2.3 Structural characterization of generated amorphous carbon

A detailed structural characterization of the generated structures has been carried out,
including the pair correlation function, g(r), angles distribution function, ring size distribution,
pore size distribution (for 0.5 g/cc and 1.0 g/cc structures) and carbon hybridization. The pair
correlation, angles and ring distribution were calculated using the Isaacs software [55]. For ring
sizes, we use Guttmann’s definition [56] according to which, a ring is denoted as the shortest
path between two nearest neighbors. To characterize the pore sizes of these model structures, we
find the pore size distribution (PSD) using the tool Zeo++ [57], which uses Voronoi
decomposition for describing the pore geometry. Using a probe molecule (of radius 1.2 A in the
current study), the code finds the change in accessible volume with respect to the probe size
from, which relates to the PSD. Accurate pore sizes can only be obtained for reasonable porous
structures and here, we only limit this calculation to densities of 0.5 g/cc and 1.0 g/cc structures.
Carbon hybridization (sp, sp?> and sp®) was computed from the number of nearest neighbor
carbon atoms (2, 3 or 4 neighbors) within a cutoff radius of 1.73 A. The above set of
characterization tools form the basis for understanding the structural features of carbon as a

function of density, simulation cell size, quench rate and annealing time.

3. Results and discussion
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We explore the effects of four key simulation parameters viz. (a) structure density, (b)
simulation cell size effect, (c) quench rate and (d) annealing time on the structural features of a-
C. For each parameter, the range of values and other model characteristics like system size and

density are outlined in Table 1.

3.1 System density and its influence on a-C formation

Firstly, we study the structural features of a-C at a range of densities from 0.5 g/cc that
mimics mesoporous char-like carbon, all the way up to 3.2 g/cc mimicking diamond-like carbon
(DLC) [5,31]. Figure 2 shows the atomic snapshots of the final structure for each density
generated using a linear quench rate, Q = 33.3 K/ps and annealed at 3,000 K for 140 ps. For this
study, the total number of atoms are set to N = 1200, for all densities. The 0.5 g/cc and 1.0 g/cc
structures are observed to be highly porous (with a porosity of 28% and 62% respectively). From
1.6 g/cc onwards, the simulation cell is completely filled with carbon atoms rendering the
structure non-porous. At 2.5 g/cc, we observe the structure is predominantly graphitic, with
graphene-like sheets ordered nearly parallel to each with additional inter-planar bonds, in
accordance with the results of both Saurez-Martinez et. al [32] who observed spontaneously
evolution of graphite-like structures during high-temperature annealing for a-C at similar density
and Petersen et. al [26] who used the Reverse Monte Carlo method to model char at graphite-like
density. At the largest density (3.2 g/cc), the structure exhibits a rigid network of tetrahedrally-

coordinated (sp* hybridized) carbon atoms.

An important characterization for a-C models is carbon hybridization. At low and
intermediate densities (up to ~2 g/cc), significant graphitization is typically observed

[13,32,33,53] that translates to significant sp? content. At larger densities, the closer packing of
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carbon atoms leads to increasing sp® hybridization. The final sp? and sp* hybridization content for

a-C at various densities considered in this work is presented in
Table 2. A direct comparison with other models from literature is also made.

Figure 3 shows the structural characterization of a-C generated at various densities. The
four sub-panels show (a) pair correlation functions, g(r), (b) bond-angle distribution, (c) ring-size
distribution and (d) percentage carbon hybridization. The pair correlation and bond-angle
distribution functions are presented as stacked curves for clearer representation. The first peak in
g(r) occurs at 1.44 A for the 0.5 g/cc, and it is approximately the same value till 2.5 g/cc. This
corresponds to the sp® hybridization bond-length, which is the predominant hybridization for all
these structures. For the 3.2 gl/cc structure, this peak occurs at 1.54 A and the peak is also
broadened, owing to significant sp® hybridization. The second peak position for all the structures
occurs around 2.5 A, in agreement with models reported in literature. The low-density structures,
notably 0.5 g/cc and 1.0 g/cc structures show a small shoulder at ~1.2 A, corresponding to the
tiny fraction of 3-membered rings formed, which has also been observed in previous models
[21,33]. The bond-angle distribution functions (panel b) are an alternate representation of the
structural features. The bond angle ranges from ~100° to 140° for densities up to 2.5 g/cc, with a
peak at 120°. Thus, the predominant feature at these densities is six-membered graphene-like
rings, with a small fraction of five and seven-membered rings. For all the structures described in
this section, 3-dimensional coordinates in interactive ‘xyz’ visualization format are provided in

supplementary material (pdf file titled “part A’).
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3.2 Simulation cell size effects

We carry out a systematic study of the simulation cell size effects on structural features
of a-C. At low densities, two possible scenarios could arise when the simulation cell size is
increased — (a) the pore size could be invariant, with the spatial distribution of carbon atoms
scaling with the increase in volume, and (b) the pore size could increase, with a greater clustering
of atoms at larger volumes. To the best of our knowledge, such a study has not been performed
in the literature. At larger densities, this effect is not important, or even meaningful, as the
number density of carbon atoms is large enough to fill the simulation box that there are no well-

defined pores possible.

In order to explore this effect, we vary the system size as N = 1,200, 2,400, 6,000, 12,000
and 30,000 atoms, at 3 densities, namely, 0.5 g/cc, 1.0 g/cc and 1.6 g/cc. The structures were
linearly-quenched from 10,000 K to 3,000 K with a rate, Q = 33.3 K/ps and annealed at 3,000 K

for 140 ps. The final atomic snapshots for the structures are shown in Figure 4.

Structural characterization in terms of g(r), angles distribution and ring size distribution
for the three densities are shown in Figure 5, panels (a), (b) and (c) respectively. We observe that
for each density, there is negligible variation in the g(r) and bond angle distribution. With respect
to structural features, we observe that six-membered rings are the most predominant (40-55%)
followed by five and seven-membered rings (~12-16% each). For each case, larger system sizes
(most notably, N = 30,000) show an increase in six-membered ring formation (~10-30%
increase) compared to the smallest size (N = 1,200). The hybridization content for all three
densities were also seen to be nearly identical, with 85-90% sp® hybridization, and about 7% sp
hybridization. This is shown in Figure 6 (a) for data averaged over different simulation cell sizes,

for each of the three densities. However, a stark difference in pore sizes arises upon increasing
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simulation cell size, as shown in Figure 6 (b) for densities of 0.5 g/cc and 1.0 g/cc. As seen from
the figure, an increase in the simulation cell size results in an increase in the pore size. The
maximum pore diameter was seen to increase more than two-fold (from 28.8 A for N = 1,200
atoms, to about 64.3 A for N = 30,000 atoms) for the 0.5 g/cc case, and about 2.7 times (from 15
A for N = 1,200 atoms to about 41 A for N = 30,000 atoms) for 1.0 g/cc case. For densities from
1.6 g/cc and larger, the density of the structure is large enough to render the concept of pore
meaningless. The final structure at all system sizes, are, however, “fully-connected” in three
dimensions. This characteristic dependence of pore size on system size is seen to be common for
the liquid quench method in general, as we observed this phenomenon with the REBO [46]
potential as well. The N = 30,000 atom case with the REBO potential resulted in far greater
clumping of atoms, where there was no periodicity along one of the simulation cell axes (not
shown here).

We note that the differences in the structural features with system size exist only with
respect to pore features. Figure 7 shows the evolution of carbon hybridization for 1.6 g/cc carbon
structure for various system sizes, during the entire liquid quench process (linear quench,
followed by annealing at 3,000 K). We observe that the chemical evolution of the structure is
nearly identical for all sizes, indicating that the only structural difference arising from the size
effect is the pore size (as shown in Figure 6 (b)). We note that the invariance in the hybridization
among different sizes was also observed for the 0.5 g/cc and 1.0 g/cc structures. 3-dimensional,
interactive ‘xyz’ snapshots for all the sizes described above are provided in the supplementary

material (listed as 3 pdf files titled ‘part B-1’, ‘part B-2” and ‘part B-3).
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3.3 Effect of quench rate

Quench rate is another important parameter that affects structural features in liquid
guench simulations. Typically, two kinds of quenching cycle have been employed in quench
simulations in literature — linear (e.g. [28,53]) and exponential (e.g. [31,40]). In this work, we
make a critical comparison of structural evolution via both quenching routes for a-C consisting

of N = 1,200 atoms, at a density of 1.0 g/cc.

3.3.1 Linear quench

The linear quench rate, Q = dT/dt was varied from 11.1 K/ps to 100 K/ps while
guenching from a temperature of 10,000 K to 3,000 K, preceding the annealing stage. Figure 8
shows the structural evolution including (a) the g(r), (b) bond angle distribution, (c) ring size
distribution and (d) pore size distribution for the different quench rates, immediately after the
guench stage. Data have been averaged over three independent samples for each quench rate. As
can be seen, both pair correlation functions and bond angle distribution are nearly invariant with
quench rate. The percentage of three-membered rings is, however, quite significant at higher
quench rates, evident from both the peak at ~60° in the bond angle distribution (panel b) and the
ring size distribution (panel c). The large fraction of three-membered rings demonstrates that the
structure is still in a transition-phase towards graphitization at higher quench rates. We also
observe that probabilistically, it is easier to form three-membered rings (which are, in fact, very
high-energy configurations) at larger quench rates, that transition to six-membered rings with
subsequent annealing. The pore size distribution (panel (d)), shows a sharp increase in peak
positions (signifying larger pores) when Q is increased decreased from 100 K/ps to 50 K/ps,
followed by a saturation of pore sizes at lower Q. This initial increase in pore size with

decreasing quench rate is consistent with the observation of Shi [33] who used the RSS potential
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to model three structures of amorphous carbon at densities of 0.76 g/cc, 1.0 g/cc and 1.5 g/cc and

observed that by increasing the quench rate, the pore size decreases on average.

Figure 9 shows the evolution of carbon hybridization (averaged over three independent
samples) with quench rate. The variation of hybridization between each independent sample for
any given quench rate was observed to be negligibly small. As seen from the figure, a smaller
quench rate gives rise to a larger fraction of sp? hybridization (and consequently, greater
graphitization) as a result of more time for the system to get ordered. The relatively large
difference in the sp® content (difference of ~10%) upon lowering the quench rate plays an
important role in determining the final carbon hybridization ratios in the subsequent annealing

stage and the final structure.
3.3.2 Exponential quench

Exponential quenching is another commonly used quench setup in literature [31,40]. In
this work, various exponential quench rates are achieved by varying the exponential factor, A,

according to eq [1].
T(K) = 7000 * exp(—At) + 3000 (1)

The temperature ranges from 10,000 to 3,000 K, which are the same values as for the
linear quench. The total time for the quench is set as 210 ps (note that this time corresponds to
the time for a linear quench rate of Q = 33.3 K/ps). We consider six guenching exponents, A,
ranging from A = 1.5 x 10'° to A = 6 x 10™. Figure 10 shows the structural evolution akin to the
analysis for the linear quench. Similar to linear quench, we observe negligible variation in the
g(r) and bond angle distribution curves for different exponential quench rates. In addition, the
ring size distribution (panel (c)) is also found to be quench-rate independent, with a predominant
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fraction of six-membered rings (ranging from ~36% for the smallest quench rate to ~52% for the
largest rate) and about 15% of each of five and seven-membered rings. This relatively rapid
evolution of the structure is a direct consequence of the exponential nature of quench, where, a
temperature close to 3,000 K is reached far sooner compared to the linear quench case, and
naturally, the system has more time to reach a more stable configuration. Pore size distribution
analysis (panel (d)) is seen to exhibit a small increase in pore size with decrease in quench rate,
followed by a saturation. We suppose that the much weaker dependence between pore size and
quench rate, as compared to the linear quench also has its origin in the exponential nature of
quench; once the temperature decreases exponentially (to ~3,000 K), the system evolves under

an approximately isothermal condition for all quench rates.

Figure 11 shows the evolution of carbon hybridization as a function of the exponential
quench rate. A faster quench rate results in more rapid sp® hybridization conversion (which leads
to more graphitization). Based on the same reasoning of rapid decay of temperature to close to
3,000 K for the exponential case, the structural evolution is observed to be similar for all quench
rates except the two lowest rates (A = 1.5x10" and 3x10'). For larger rates, a saturation
behavior is observed, and a very high percentage of sp? hybridization (85-88%) results at the end

of the quench stage.

3.4 Effect of annealing time

A key step in the liquid quench method is the annealing stage, immediately after the
guench stage, where the structure is “annealed” for a given amount of time, typically at high

temperatures. This step is essential to convert the high-energy structure from the quench stage to
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a relaxed and equilibrated (at the anneal temperature) one at the end of annealing stage. To
explore the effect of annealing time and the corresponding structural changes brought about
during this step, we perform a long annealing simulation for 1.0 g/cc a-C, for an anneal time, t,
of 340 ps. Figure 12 shows the evolution of carbon hybridization as a function of anneal time,
averaged over two independent samples. As seen from the figure, significant structural evolution
is seen to take place till ~200 ps, after which the hybridization (sp and sp?) exhibits a plateau.
The maximum sp? fraction is observed to be ~94%, signifying extensive ordering of the structure
via graphitization.

In Figure 13, we show the evolution of carbon hybridization during the annealing stage for
various quenched structures, using both linear quench (panel (a)) and exponential quench (panel
(b)). We observe that the total sp® content at the end of annealing stage (~140 ps) varies between
84% (highest quench rate) to 90% (lowest quench rate) for linear quench and is about 90% for all
exponentially quenched samples. A larger sp? is attained more quickly for exponential quench
compared to linear quench owing to the nature of temperature profile as mentioned before. Thus,
to obtain a well-ordered structure (large sp® fraction) via the linear quench route, significant

annealing times (of the order of 150 ps or more) would be necessary.

3.5 Perspectives on generated a-C models

3.5.1 Comparison with models in literature
In this section, we compare the generated a-C models with experimental results for pair
correlation functions (g(r)) and pore size distributions, where available [21,22,24,27,58-61]. Pair

correlation functions are typically measured experimentally by diffraction techniques, including
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X-ray and electron diffraction. Pore sizes are typically measured experimentally via adsorption
of a gas such as argon. Shown in Figure 14 are the pair correlation data for a-C for various
densities ranging from 1 g/cc to 3.2 g/cc generated using the liquid quench route, compared with
experimental results. We observe that the peak positions and heights agree well for almost all
cases, signifying realistic short-range order in these structures. Pore size distributions for 1 g/cc
a-C generated via both linear and exponential quench routes (refer to section 3.3) are compared
with data from experiments and a HRMC model from literature, in Figure 15. For the quench
results (linear and exponential), data are averaged across multiple samples and across various
quench rates as described in section 3.3. A reasonably wide spread of pore sizes is observed via
the liquid quench route, owing to the stochastic nature of the quench process. However, we do

observe that the range of pore sizes matches reasonably well with experimental measurements.

3.5.2 Comparison with ReaxFFc¢ 015 potential

All the simulations reported here so far correspond to an early version of ReaxFFcho
potential for hydrocarbons published by Chenoweth et. al. in 2008 [48]. In this section, we
compare several test cases of a-C generated with different simulation conditions with a more
recent ReaxFF parametrization developed by Srinivasan et. al., henceforth referred to as
ReaxFFc.2015 [62]. Specifically, we quantify structural features as described in previous sections
for a-C at densities of 1 g/cc and 2 g/cc (generated using a linear quench rate); size effect for 1
glcc a-C (linear quench rate), and for two exponential quench rates, namely Q = 3x10°and Q =
3x10M generated using the ReaxFFc.o015 and compare with those obtained using ReaxFFcho.
These details are listed in Table 3, and, in addition, ‘xyz’ snapshots for all these structures

generated using ReaxFFc.o015 are provided in the supplementary material (listed as pdf file titled
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‘part C’). Common structural features as described in previous sections were quantified for a-C
generated using both versions of the ReaxFF potential and are compared in Figure 16. As seen
from the figure, except for small differences, both potentials give rise to very similar structural
features. Specifically, we observe that minor differences include - ReaxFFc 2015 results in lesser
number of 3-membered rings (see panel (b)), larger pore sizes (panel (e)), and marginally faster
evolution of sp® hybridization compared to ReaxFFco. However, the qualitative trends observed
with ReaxFFcpo are seen to hold for ReaxFFc-2015 as well, namely, (a) the observed system size
effect (i.e. larger simulation cell size resulting in larger pore sizes) as seen in panel (e) comparing
pore sizes for N = 1,000 atoms, and N = 6,000 atoms, and (b) larger quench rate during
exponential quench leads to faster evolution of sp? hybridization (panel (d)). Note that in Figure
16, PSD for 2 g/cc structure is ill-defined due to the large density, and hence this is omitted in

panel (e).

4. Conclusions

We have demonstrated the capability of modeling amorphous carbon (a-C) at a wide
range of densities ranging from 0.5 g/cc to 3.2 g/cc using the highly-detailed ReaxFF reactive
force field and the liquid quench method. An extensive characterization of structural features,
including pair correlation, bond angle distribution, ring size distribution, carbon hybridization
content and pore size distribution have been performed, and have been found to be consistent

with previous models reported in literature. Our key findings are:

1. A large range of densities (from 0.5 g/cc to 3.2 g/cc) can be modeled satisfactorily using the
liquid quench method. For densities up to 2.5 g/cc, the structures exhibit a high fraction of sp?
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hybridized carbon (87% to 92%) and predominantly six-membered rings. For a density of 3.2

glcc, we observe about 45% sp? and 52% sp® hybridization.

2. Simulation box size effects play an important role in structural features, most notably for pore
sizes for low-density structures (0.5 g/cc and 1.0 g/cc in this work). We find that larger

simulation cell sizes result in structures with larger pores.

3. Quench rate is seen to play an important role in the evolution of structural features. For a-C at
1.0 g/cc, we observe that an exponential quench route results in a structure that contains a highly
ordered, graphitic structure (close to 90% sp? hybridized carbon). Linear quenching, on the other
hand leads to a much lower sp® fraction at the end of quench stage, which necessitates long
annealing times of the order of 150 ps or more to obtain significant sp? hybridization

(graphitization). Increasing quench rate is also seen to, in general, result in smaller pore sizes.

4. Annealing the structure after the quench stage relaxes the structure further and is observed to
cause a more ordered structure with further increase in sp? content. For linear quench, larger
annealing times maybe necessary to obtain the same amount of structural ordering, as compared

to an exponential quench.

5. A critical comparison between the generated a-C models with experimental data published in
literature was made. We observed that pair correlation functions of the generated models agree
well with experiments, for a wide range of a-C at various densities. Additionally, comparison of
generated models with those generated via a newer ReaxFF implementation for condensed

carbon phases, named ReaxFFc.2015 yielded qualitatively similar structural features.

Using the liquid quench method with ReaxFF, it is thus possible to generate a wide
variety of amorphous carbon structures with a range of chemical and structural features. One can,
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in principle, choose a specific synthesis condition to come up with an appropriate model that

mimics a physical a-C material.
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Table 1: List of various simulation parameters in modeling amorphous carbon.

System size (number of

Effect Range of values atoms, N) and density
Densit 0.5,1.0,1.6,2.02.5and N = 1,200; various
y 3.2 glcc densities
Size effect N = 1,200, 2,400, 6,000, 1.0 g/cc
12,000 and 30,000 atoms
Linear quenchrate, | 11.1, 22.2, 33.3, 50 and _
0 100 Klps N = 1,200, 1.0 g/cc
. 1.5x10", 3x10", 6x10"°,
Exponential quench 1.2x101 3x10™ and N = 1,200, 1.0 glcc
rate, A 1
6x10
Annealing time t =340 ps N = 1,200, 1.0 g/cc

Table 2: Final sp? and sp® content for various densities of amorphous carbon in this study.

Hybridization content for similar densities from literature are given for comparison.

Density Final sp? Final sp® content Final sp® Final sp® content
(g/cc) content (%o) (literature) content (%o) (literature)
0.5 87.4 - 1.7 -
1.0 79.5 66-80 [24] 1.3 1-5 [24]
1.6 89.0 90-98 [32] 1.8 0.2-7 [32]
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{36, 75, 82 15 [31,40]; {20,
2.0 9L7 [40]}* 21 30, 60-70 [40]}*
20, 30 [31]; {10,
25 92.2 £25, 70, 80 [40]} 5.2 20, 70 {401}
. {18, 50, 82 [40T};
3.2 44.6 1232,18([)8% 21(‘)5]1}8’ 52 60 [31[]8;]§7G—SO

* Structure is of density 2.2 g/cc. Ref [40] involves comparison of Tersoff, REBO and ReaxFF

force fields for generating model a-C at various densities.

Table 3: Simulation parameters for comparison of a-C structures generated using ReaxFFcpo

and ReaxFFc 2015 potentials.

System System size Quench rate
. N = 1,200 and Quench rate = 33.3
1 g/cc - Linear quench 6.000 K/ps
2 g/cc — Linear guench N = 1,200 Quench rate = 33.3 K/ps

Quench rate = 3x10™

1 g/cc — Exponential quench N =1,200 and 3x10%
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Figure 1: Flowchart of the liquid quench simulation process to generate amorphous carbon
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0.5 g/cc 1 glcc 1.6 g/cc

2 g/lcc 2.5 glcc 3.2 glcc

Figure 2: Final atomistic snapshots of amorphous carbon at various densitites ranging from 0.5
g/cc to 3.2 g/cc. All strucrures contain N = 1200 atoms. Refer to supplementary material for 3-D

‘Xyz’ coordinates of all the structures.
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Figure 3: Structural characterization of amorphous carbon generated at various densities. (a)
Pair correlation functions, (b) bond-angle distribution, (c) ring-size distribution and (d)

percentage hybridization. The pair correlation and bond-angle distribution functions are

presented as stacked curves for clearer representation.
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N =1200 N = 2400 N = 6000 N = 6000 N = 30000

Figure 4: Final atomistic snapshots of amorphous carbon at three densities (in the low-density
regime), namely, 0.5 g/cc, 1.0 g/cc and 1.6 g/cc to depict simulation-cell size effects. The lowest
densities (0.5 g/cc and 1.0 g/cc) show significant size effects, with larger cell sizes leading to
correspondingly larger pore sizes. The number of atoms (N) range from N = 1,200 to N = 30,000.

Refer to supplementary material for 3-D *xyz’ coordinates of all the structures.
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Figure 5: Structural characterization of amorphous carbon for three different densities, 0.5 g/cc,
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Figure 6: (a) Averaged final hybridization content for different densities in the low density
regime and (b) pore size distribution for various simulation cell sizes for 0.5 g/cc and 1.0 g/cc

structures.
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Figure 7: Variation of carbon hybridization content for various simulation cell sizes during the
liquid quench process, for 1.6 g/cc carbon structure. The temperature profile during linear

quench, followed by annealing at 3,000 K is shown by black solid line.
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Figure 8: Structural characterization of amorphous carbon at 1.0 g/cc for various quench rates at
the end of linear quench stage. (a) Pair correlation functions, (b) bond-angle distribution, (c)
ring-size distribution, and (d) pore size distribution (PSD). Data are averaged over 4 samples for

each quench rate.
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Figure 9: Variation of carbon hybridization during linear quenching for different quench rates.

The sp® content is negligible for all cases (<2%) and is not shown.
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Figure 10: Structural characterization of amorphous carbon at 1.0 g/cc for various quench rates

using an exponential quench step. (a) Pair correlation functions, (b) bond-angle distribution, (c)

ring-size distribution, and (d) pore size distribution (PSD). Data are averaged over 4 samples for

each quench rate.
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Figure 11: Variation of carbon hybridization during exponential quenching for different quench

rates
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Figure 12: Variation of carbon hybridization during a long annealing stage at 3,000 K for
amorphous carbon at density 1.0 g/cc. The starting stage is a quenched structure (from 10,000 K

to 3,000 K) using a linear quench rate, Q = 33.3 K/ps. Data are averaged over two independent

samples.
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Figure 13: (a) Evolution of carbon hybridization during annealing at 3,000 K, for structures that
were generated using various linear quench rates. (b) Carbon hybridization during annealing for

various exponential quench rates.
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Figure 16: Comparison of structural features of a-C between the ReaxFFcho and a newer
implementation of ReaxFF, ReaxFFc.o015 including (a) g(r), (b) angle distribution, (c) ring size
distribution, (d) sp? hybridization and (e) pore size distribution, for various simulation
parameters as described in Table 3. PSD for 2 g/cc structure (panel (e)) is ill-defined (refer to

text), and is omitted.
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