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Abstract 

We predict the three-dimensional structure of amorphous carbon generated by heating diamond 

superlattice at 6000 K with rapid quenching from the liquid phase for densities ranging from 2.0 to 

3.5 g/cm3, in comparison with 2.26 and 3.54 g/cm3 for bulk graphite and bulk diamond, respectively. 

These predictions are based on reactive dynamics (RD) simulations using the ReaxFF reactive force 

field. Here, we simulate the graphitization of amorphous carbon at high temperature to calculate 

physical properties relevant to conductive carbon supports useful for electrocatalysts. The low-

density graphitic materials mostly oriented in the (002) plane with a main X-ray diffraction (XRD) 

peak between 26-28°, as observed experimentally. For low density carbon (2.0-2.5 g/cm3) we find 

>90% sp2 character with ~2-1% sp and <8% sp3. While for higher density carbon, the amount of sp2 

fraction decreases with density and find 70.0% sp3 with 29.7% sp2 and 0.3% sp for 3.4 g/cm3 density, 

which can be compared to DLC 3.24 g/cm3 density resulting good agreement with XPS experiments. 

Based on the simulated 3D structure, we create 2D surface slab consisting of various defective sites 

within the surface. The 2D surface dominates with hexagonal carbon ring along with few pentagon 

and heptagon rings in the graphitic structure that may be useful as electrocatalysts for different 

energy conversion reactions. 

 

Keywords: ReaxFF reactive force field, reactive dynamics simulations, graphitization, X-ray 

diffraction, Raman spectroscopy, carbon electrode. 
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1. Introduction 

Carbon is one of the most abundant and highly used materials. The low cost, lightness, structural 

diversity, good electrical and thermal conductivity, sufficient stability makes carbon materials 

unique and popular for very different research fields including electronics, biological sensing, and 

electrocatalysis.[1-6] Significant advances have been made recently to synthesis carbon-based 

electrode materials for metal production, energy storage in batteries and supercapacitors, and 

electrochemical conversion reaction because carbon provides a wide potential window, exhibits 

chemical inertness, and provides effective supports for catalysts.[7-9] The performance of carbon 

materials as electrodes mostly arises from its structural polymorphism, surface chemistry, 

chemical stability, strong internal C-C bond, and ability to bind to surface modifiers. Using a 

variety of raw materials and synthesis techniques, carbon can produce variety of carbon-based 

electrode materials including amorphous carbon, diamond like carbon (DLC), graphitic carbon, 

carbon nanotubes (CNT), vapor deposited carbon films, glassy carbon, and graphene, showing 

distinct electrochemical properties for various chemical reactions.[10-13]  

Amorphous and graphitic carbons are ubiquitous as electrode materials because of the strong C-C 

bonds that depend on synthesis conditions, including three-dimension high density diamond-like-

carbon to two-dimensional low density highly conducting graphitic carbon. Tetrahedral 

amorphous carbon, known as DLC, has a high fraction (~70%) of sp3 carbon, leading to excellent 

physical properties, such as high hardness, low friction and wear rate, optical transparency, and 

chemical inertness.[14-18] DLC materials have been prepared using a range of deposition 

methods, including sputtering, ion beams, and plasma enhanced vapor deposition.[11] The 

inclusion of impurities such as boron or nitrogen can increase the electrical conductivity 

sufficiently to use as electrode materials for distinct electrochemical applications.[19] On the other 

hand, an important quite different material is glassy carbon (GC), widely used as an electrode 

material and synthesized by a variety of techniques. Thus polymeric materials can be carbonized 

at high temperature, 1000-3000 °C, in an inert atmosphere.[20] The resulting material after 

carbonization consists of strong C-C sp2 bonds that form graphitic plane having a 3.6 Å interplanar 

spacing. This structure consists of randomly intertwined ribbons of graphitic planes.[21] Large 

surface area mesoporous carbon (MC) is another form of graphitic carbon obtained from 

carbonization or pyrolysis of carbon rich materials at high temperature. MC is widely used in 

supercapacitors to provide high storage capacity and in fuel cells to provide a conducting support 

for metal electrocatalysts.[22-24] 

The lack of experimental tools to obtain an atomistic characterization to understand the complex 

carbon structures and their mechanisms of formation motivated the simulations. Tremendous 

efforts have invested to obtain carbon structure-properties relationship using molecular dynamics 

(MD) simulation at various scales. [25-28] The ReaxFF reactive force field [29] based on bond-

order-dependent interatomic potentials and dynamic charges based charge equilibration (QEq) 

[30] has proved valuable in describing chemical reaction processes for systems far too large for 

QM (e.g., high impact decomposition of an energetic materials composite with 3.7 million atoms 

to find the origin of the hot spot) [31] with modest computational efforts. Li et al. [32] compared 

the graphitization to form amorphous carbon using Chenoweth [33] and Srinivasan [34] ReaxFF 

parameter sets, demonstrating the graphitization process with both sets. The latter parameter set 

showed reasonable agreement with experimental result for mechanical properties. [35] 

Additionally, they investigated the effect of simulation time steps and temperature on the 
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graphitization of amorphous carbon using ReaxFF MD simulation. They found that a 0.2 fs 

timestep is sufficient for simulation. The temperature plays a vital role for graphitization, with 

higher temperature increasing the sp2 fraction. The carbonization of coke at 1500 °C produces 

mostly sp2 with the structure consisting of five membered rings that are responsible for curved 

graphene layer distortions with addition defects within the structure.  [36] Very recently, a similar 

investigation was carried out by Y. Tian et al. [37] and they found that a coke carbonization process 

at 3500 K that produces carbon structures with stacking faults leading to wrinkled carbon layers 

(increased layer spacing containing arc-shaped moieties and numerous dislocations). The effect of 

ultrafast cooling rate for pure carbon gas at 6000 K and polymer carbonization at 1273 K were 

investigated by using ReaxFF MD simulations. [38, 39] They showed that fast quenching from 

6000-2500 K produces onion like fullerene molecules. The structure was mostly sp2 carbon 

hybridized consisting large amount of hexagon ring along with pentagon and heptagon. The 

produced amorphous carbon structure significantly depends on the parent carbon source such as 

high temperature carbonization of polyacrylonitrile (PAN) results gases species like N2, H2, NH3, 

HCN along with 5-7 members ring carbon structure.[40] beyond carbonization, ReaxFF simulation 

of Laser-Induced Graphene (LIG) obtained from irradiation of polymer films result amorphous 

structure containing significant number of 5-7 members carbon ring with largest surface area. [41] 

Here we are interested in the high temperature carbon graphitization process that leads to highly 

conducting graphite-like surfaces that is very useful as support materials for heterogenous catalysts 

and electrocatalysts. Graphitization is a widely known process with many experiments, but the 

information regarding atomistic structure formation mechanism during heat treatment are quite 

unclear. To provide fundamental understanding about the atomistic structure and properties 

relationship, we conduct graphitization process of amorphous carbon computationally by 

quenching very rapidly from a molten state to room temperature. Based on this detailed atomistic 

structural information about bonding and coordination, we calculate various properties in 

particular the relationship between the graphitization process, the density, and the measurable 

properties such as X-ray diffraction pattern, Raman shifts, radial distribution functions, 

hybridization for comparison with experiments. Such comparisons may allow us to understand the 

nature of the carbon electrode materials synthesized experimentally, by chemical vapor deposition 

(CVD) or thermal annealing. Experimental characterization of carbon electrode materials with 

different densities is not well established, so we want to examine how carbon with various densities 

is related to synthetic graphitic carbon and how this determines their various properties. 

Experimentalist should choose lower density carbon for higher conductivity requirement such as 

electrocatalysis as it consists of more sp2 carbon. The well known sources of amorphous carbon 

are coke, coal, graphene oxides, graphite etc. Earlier, we reported the results on forming Hydrogen-

free diamond-like carbon (DLC), where the predicted density (3.24 g/cm3) and fraction of sp3 

carbon (70%) are both in good agreement with experiment.[17] In this work, we found that low-

density carbon has a tendency to produce disoriented graphene layers, giving rise to the (002) plane 

in the X-ray diffraction (XRD) peak between 26-28°. Our Raman intensity calculations 

demonstrates the presence of characteristic D, G, and 2D peaks for graphitic samples whose ratios 

depend on density. Moreover, we find that the atoms in low density carbon (2.0-2.5 g/cm3) are 

mostly sp2 character (>90%) in contrast to dense carbon (DLC at 3.24 g/cm3) which is 70.3% sp3 

character.  

 

2. Methodology 
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In order to make unbiased predictions of the atomistic structure of both bulk amorphous carbon 

and its surface, we used the ReaxFF [17, 18, 42] in reactive dynamics (RD) simulations (Table 

S1-S2, Figure S1). Previous studies have also used this ReaxFF to describe reactions using 

amorphous carbon systems and found the comparable results with experiments. [17, 18, 43] We 

started graphitization process with the 3D structure of amorphous carbon obtained from previous 

work [17, 18] containing 4096 atoms in the 888 superlattice of diamond MD simulation system. 

We heated the system at a heating rate of 600 K/ps from 10 K and continued for 5 ps at 6000 K 

and then quenched to 300 K at rate of 1400 K/ps, followed by equilibration at 300 K for 100 ps to 

obtain amorphous carbon. This amorphous carbon system was then reheated to 3500 K at 350 K/ps 

to simulate graphitization conditions and equilibrated for 100 ps at 3500 K. Finally, the system 

was quenched again to 300 K, but now more slowly, at a rate of 100 K/ps, and equilibrated for 200 

ps. We also carried out simulation with relatively lower supercell of 444 containing 512 carbon 

atoms without reheated at 3500 K (graphitization condition) temperature (results are shown in 

supplementary information). All simulations were conducted using LAMMPS package [44] using 

a 0.2 fs simulation time step with 3D periodic boundary conditions. The default Nose−Hoover 

thermostat in LAMMPS was used to control temperature with a thermostat time constant set at 

100 fs. All the simulations were carried out using the NVT ensemble to control density, followed 

by the NPT ensemble to compare pressure. [32, 45] The X-ray powder diffraction patterns were 

simulated with BIOVIA materials studio (v7) reflex [46] modelling software. XRD patterns were 

collected using an X-ray powder diffractometer with Cu-Kα radiation source of 1.5406 Å 

wavelength. X-ray diffraction peaks were measured in the angular range of 10° ≤ 2θ ≤ 90° in a 

step-scan mode (0.05°/step). The Raman shift for different carbon density samples after 

graphitization of amorphous carbon were carried out using the two Phase Thermodynamic (2PT) 

method [47-49], which uses the Fourier transform of the velocity autocorrelation function to obtain 

the vibrational power spectrum. We used NVT dynamics for 20 ps at 2 fs timestep to generate 

LAMMPS trajectory. The trajectory then used to produce a file contains the 3n degrees of freedom 

as a function of frequency after applying 2PT analysis.  We used commercially available VESTA 

software for visualizing the system. [50] 

3. Results and discussion 

Density is a most important factor in determining the carbon structures used as electrode for energy 

storage and electrocatalysis applications.[51-54] The diamond crystal has a density of 3.54 g/cm3, 

which can be compared to 3.24 for DLC, while density of bulk graphite is 2.26 g/cm3. The density 

of graphitized carbon depends on such factors as volatile matter containing within the carbon 

sources, heating rate, and carbonization temperature. We studied a simulation box with 4096 

carbon atoms with density varying from 2.0 to 3.40 g/cm3 to cover the ranges of experimental 

carbon electrode system. We use the potential energy from the RD simulations as an indicator of 

structural relaxation and stability. The potential energy per carbon of graphitic carbon as a function 

of density indicates that a carbon density of 2.49 g/cm3 shows most stable density configuration 

among the systems studied (Figure S2). The potential energy per carbon varies between -8.25 to 

-8.39 eV for various carbon densities, which is little higher than the value of -8.53 eV for graphene 

and -8.73 eV for diamond ReaxFF simulation. The simulations are equilibrated for 200 ps at 300 

K and found almost linear potential energy change (Figure S3). Moreover, the potential energy pe 

atom shows comparable with other ReaxFF (Figure S4). The energy profile of the initial 

amorphous carbon (without graphitization) as a function of density at various cooling rates is 

shown in Figure S5. The rate of cooling effects stabilization of carbon where slower cooling rate 
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leads to more stable amorphous structures than the faster rate. Figure 1 shows the radial 

distribution function (RDF) and coordination number (CN) as a function of carbon densities. Fig. 

1a shows that carbon structure with density <2.90 g/cm3 lead to a main peak at a C-C bond of 

~1.46 Å, compared to 1.42 Å for graphitic (inset figure), with an average of 3 bonds per C, as 

expected for sp2. On the other hand, for carbon density >2.90 g/cm3 the C-C distance is ~1.56 Å 

and the average number of bonds is 4 as expected of sp3 for DLC or diamond. A tiny peak at ~1.22 

Å for low carbon density indicates the presence of triple bonds with sp character. Another peak at 

around 2.5 Å moves to a shorter interatomic distance with increasing carbon density, indicating 

that atoms are stacked more closer to each other. Fig. 1b-d shows the coordination number for 

different density carbon structure. Fig. 1b indicates that at 1.46 Å a sharp rise of coordination 

number and give a plateau at around 3 CN for carbon structure containing density of 2.0-2.49 

g/cm3, indicating sp2 graphitic carbon. The plateau for coordination number at 1.52 Å is increasing 

with carbon density and found CN lies between 3-4 due to rise of sp3 character for carbon density 

of 2.61-2.90 g/cm3 (Fig. 1c). Finally, a sharp rise of CN observes at 1.56 Å and gives a plateau 

around 4, characteristic of diamond like carbon, for carbon density of 3.02-3.40 g/cm3, indicating 

that sp3 character becomes majority in their corresponding structures (Fig. 1d). The RDF profiles 

for the initial amorphous carbon (without graphitization) with 2.49 g/cm3 and 3.24 g/cm3 density 

is shown in Fig. S6. 
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Figure 1. Radial distribution function of carbon structure for various densities.  (a) the carbons 

with density 2.90 g/cm3 and below shows a C-C bond at 1.46 Å indicating graphitic sp2 character 

while carbon with densities of 3.0 g/cm3 and larger show a C-C peak at 1.56 Å, indicating diamond 

sp3 character. (b-d) the coordination number varies with carbon density. 

The fractions of atoms having sp3, sp2, or sp character were evaluated using a cutoff bond distance 

of 1.85 Å based on Fig. 1. Figure 2 shows the variation in the sp, sp2 and sp3 fraction for carbon 

structures after the graphitization process. We see that the sp2 character is > 90% up 2.0 to 2.49 

g/cm3 carbon density and decreases linearly with increasing density and reach to 29.7% for 3.4 

g/cm3. Oppositely, the sp3 character increases from 4% for 2.0 g/cm3 to 70% for 3.4 g/cm3. The sp 

character varies from 2.0% to 0.3% when density increases from 2.0 to 3.4 g/cm3. Li et al [25] 

studied the graphitization process at 3500 K for amorphous carbon containing 2000 atoms using 

ReaxFF and observed 92% sp2 character for 2.20 g/cm3 carbon density after simulation for 200 ps. 

Similar observations were made by de Tomas et al [45]. They used environment-dependent 

interaction potential (EDIP) for amorphous carbon simulations, quenching from the liquid with 

subsequent annealing. After 200 ps simulation, they found 2.5% sp, 93.9% sp2 and 4.6% sp3 for 2.0 

g/cm3 carbon density while the amount of sp2 fraction decreases with increasing density. They 

predicted 0.2% sp, 39.6% sp2 and 60.2% sp3 for carbon with density 3.0 g/cm3. Our obtained result 

showed comparable with above mentioned literatures. The experimental results show that sp3 

varies from 8% for 2.0 g/cm3 to 87% for 3.1 g/cm3 carbon density. [55, 56] There is little 

discrepancy with our results could be due to use of diamond like carbon for experiment (no heat 

treatment done). However, our simulation results show reasonable agreement with experiment for 

high density carbon (3.4 g/cm3) system without graphitization process containing more than 85% 

sp3 fraction when annealed slowly (Figure S7). 
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Figure 2. The hybridization fractions as a function of density for carbon system after graphitization 

and annealing at 3500 K and 300 K respectively. The sp2 characters dominates for low density 

carbons until it reaches to 3.05 g/cm3 where it shows less graphitic character. By 3.4 g/cm3 the 

amount of sp3 character is increased to 70%, compared to 100% for diamond at 3.54 g/cm3. 

Figure 3 shows the topography of bulk carbon structures at density of 2.49 g/cm3 containing 4096 

atoms. The bulk structure contains 92.13% sp2 C, 6.83% sp3 C and 1.04% sp C after graphitization 

at 3500 K for 100 ps. Figure 3a shows the distribution of sp2 (blue), sp3 (pink) and sp (green) 

character within the 2.49 g/cm3 carbon bulk structure after graphitization. We find that most of the 

sp2 C atoms interconnect to form graphite layers with dislocation defects. The distorted graphite 

layers interconnect with short, branched chains (Fig. 3b) of sp3 atoms. Occasional sp atoms are 

found bonded with sp2 atoms (allene-like) and sometimes bonded to each other (acetylene-like). 

Figure 3c, d shows the sp2 C atoms which mostly interconnect to form hexagons as in graphite. 

However, the layer spacing does not match with normal graphite layer distance (3.34 Å). 

Moreover, chemical bonding and - stacking are observed between dislocated carbon layers and 

aliphatic/linear carbon atoms. Several studies reported earlier that this irregular carbon layers may 

arise due to crystal defects containing five to eight members carbon rings, limited space with the 

structure, screw dislocation with the structure. The presence of crystal defects such as five-eight 

carbons ring causes irregular stacking of graphite layers called “wrinkled carbon layers”.[36, 37, 

57] At the same time the limited space causes folding and distortion in the graphite layers. The 

screw dislocations within the structure are also responsible for the distortion of graphite layers. 

We observe several parallel graphene-like layers in various regions with different orientations (red 

dot circles). [32] Structure of amorphous carbon (without heated at graphitization temperature) for 

different carbon densities are shown in Figs. S8-S16. We find relatively improved atomic packing 

within the crystalline regions after graphitization compared to the amorphous structure.  
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Figure 3. Structure of bulk carbon after graphitization process for a density of 2.49 g/cm3. sp2 C 

atoms: blue (92.13%); sp3 C atoms: pink (6.83%); sp C atoms: green (1.04%). (a) total, (b) sp3+sp, 

(c, d) sp2 at different orientation. 

The bulk structure for 2.49 g/cm3 carbon were cut into two-dimensional (2D) surface at different 

thickness are shown in Fig. 4. We consider 30 Å vacuum in z direction and apply same 

graphitization process during simulation as for bulk structure. Fig. 4a shows the 2D surface 

structure containing 4096 atoms consisting mostly sp2 character and graphitic in nature. The top 

surface was separately simulated (708 atoms) and found lots of defects, and mixture of various 

carbon ring ranging from 4-8-carbon (Fig. 4b, c). Similar findings also observe for simulation 

results containing 1724 atoms shown in Fig. 4d, e. The surface consists various structural defects 

and dislocations often results irregular graphite layers. The lack of carbon atoms (4-5 members 

ring) in the six members ring causes an arched moiety within the structure and responsible for the 

distortion of regular graphite layers. Similarly, more than six carbons in the ring (7-8) creates a 

non-planner saddle-shaped moiety, resulting irregular graphite layers in the surface. The presence 

of 4-8 members carbon ring are also reported for high temperature carbonization using reactive 

MD simulations [25, 36, 37, 58] and experimental literatures.[59-61] 
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Figure 4. 2D surface structure of graphitic carbon after graphitization process for a density of 2.49 

g/cm3. (a) structure containing 4096 carbon atoms shows mostly sp2 C atoms, (b, c) small thin 

layer (708 carbon atoms) of surface mainly consists of various carbon defects and different carbon 

membered rings, and (d, e) relatively bigger surface structure containing 1724 carbon atoms 

showing various defects and dislocations on the surface causing irregular orientation carbon layers. 

 

Figure 5 shows the X-ray diffraction (XRD) pattern for various carbon densities obtained after 

graphitization. There are two main peaks characteristic of graphite carbon (002) observed at 26° 

diffraction angle and (101) at 44.5° (Figure S17), which are in good agreement with previous 

simulation results [36] and experimental observation [62, 63]. At low density the (002) diffraction 

peak at 26° is dominant, corresponding with the major peak obtained for experimentally 

synthesized graphite. The sp2 C fractions dominate until 3.02 g/cm3 carbon density, indicating 

graphite in nature (Fig. 2), which is confirmed by the presence of graphitic characteristic dominant 

peak for (002) plane. The graphitic carbon (002) peak gradually disappears due to decreases of the 

sp2 C fraction while the peak at 44.5° becomes dominant for sp3 C hybridization above 3.02 g/cm3 

density, indicating the presence of the diamond like carbon as the density is increased. 

Jo
urn

al 
Pre-

pro
of



 10 

 

Figure 5. Predicted X-ray diffraction pattern for simulated carbon structure at various densities. 

For densities of 2.11-2.23 g/cm3 the graphitic peak for (002) is observed at 26°, which shifts 

linearly to 32° for 2.75 g/cm3 as the sp2 C fraction decreases. Then for 2.9 g/cm3 we observe a very 

broad peak from 33° to 40°. But for 3.0 to 3.4 g/cm3 this 2nd peak shifts gradually from 40° to 45° 

corresponding to diamond like carbon with more sp3 C fraction.  

We predicted the Raman shift after the graphitization process for amorphous carbon using the two 

Phase Thermodynamic (2PT) method. 2PT uses the Fourier transform of the velocity autocorrelation 

function to obtain the vibrational density of states. Figure 6 shows the shift of the Raman 

spectroscopy lines for various carbon densities comparing to graphite and diamond. We find the 

characteristic peaks for carbon structures, but the peaks change little with carbon densities. The peak 

at 1140 cm-1, 1450 cm-1, and 2778 cm-1 corresponds to D, G and 2D band carbon materials. The 

Raman spectrum calculations deviated little from experiment, probably because ReaxFF focusses on 

bond breaking not force constants. The D-peak also known as disorder peak mainly originated from 

structural defects within the graphite structure. It also indicates the sign of symmetry breakdown in 

the graphite lattice. While the graphite peak, denoted by G is originated from the doubly degenerate 

zone-center phonon E2g mode and corresponds to C-C stretching mode.[11, 64, 65] The G peak 

intensity represents the order of graphitization and the decrease of peak intensity with increasing the 

carbon density indicates transition of graphite carbon to diamond like carbon as discussed earlier.  
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Figure 6. Raman spectra for graphitized carbon at various densities. The peaks at 1140 cm-1, 1450 

cm-1 and 2778 cm-1 correspond to the carbon characteristics D, G and 2D band. 

 

5. Summary 

Using ReaxFF RMD simulations, we constructed hydrogen-free amorphous carbon structures for 

densities in the range of 2.0 to 3.4 g/cm3. We predict sp2 hybridization for density <3.0 g/cm3 and 

sp3 for higher density after graphitization in good agreement with experiment. This indicates that 

quenching from the melt using ReaxFF, followed by graphitization leads to amorphous carbon 

systems with properties close to those synthesized experimentally.  

We found that low density carbon (2.0-2.5 g/cm3) has >90% sp2 characters with ~2-1% sp and 

<8% sp3. As the density is gradually increased to 3.4 g/cm3 we find 70.3% sp3 with 29.5% sp2 and 

0.2% sp, showing good agreement with XPS experiments.[66, 67] This agreement with experiment 

was confirmed further with X-ray diffraction and radial distribution functions (RDF). Thus, low-

density graphitic materials are dominated by the (002) plane with a main X-ray diffraction (XRD) 

peak between 26-30° as observed experimentally. The G peak intensity decreases with increasing 

the carbon density indicates transition of graphite carbon to diamond like carbon, is consistent with 

others calculated characterization. 
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Highlights 

1. Reactive dynamics (RD) simulations were carried out to describe graphitization process at 

high temperature using the ReaxFF reactive force field. 

2. The low-density carbon (2.0-2.5 g/cm3) consists of more than 90% sp2 C character while 

higher density of carbon (3.40 g/cm3) has majority of (>70.3%) sp3 C character.  

3. We predicted 2D graphite surface consisting of various pattern layers of graphene and lots 

of defective sites including 4-8 ring member carbon. 

4. The carbon structures were properly described by using the measurable properties such as 

X-ray diffraction pattern, Raman shifts, radial distribution functions, hybridization and 

interpreted with experimental literatures. 

5. Moreover, our predicted structure could be used as carbon electrode supports for 

electrocatalysis. 
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