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Introduction:

Atomistic reconstruction methods are nowadays extremely useful tools to build realistic models of materials and
correlates their properties to their atomistic structure [1]. However most of them, like the well-known Reverse Monte
Carlo method, consists in building a model able to reproduce some orientationally averaged structural quantities like
the Pair Distribution Functions (PDF) of the material, which is usually not discriminatory enough to yield a unique
solution for systems having pronounced anisotropic nanotextures. For instance, two drastically different models have
been reconstructed from the same PDF of a nanoporous carbon [2]. The first one is a perfectly isotropic pack of small
Polycyclic Aromatic Hydrocarbons (PAH) [3] while the second one is a perfect stack of identical infinite graphene

sheets containing a few percent of non-hexagonal rings [4].

High Resolution Transmission Electron Microscopy is the technique of choice to describe the nanotexture of aromatic
carbons [5] and we have recently introduced a new method, the Image Guided Atomistic Reconstruction (IGAR)
method, based on a combination of image analysis and synthesis and molecular dynamics simulations, aiming at
building realistic atomistic representations of dense nanotextured carbons [6]. In what follows we briefly recall the
methodological details of this approach and how we use it to build models of a rough laminar pyrocarbon, as prepared
and after a partial graphitization through heat treatment. The models are then discussed in terms of nanotexture
(HRTEM images), local average atomic structure (PDFs) as well as in terms structural defects (sp3 hybridations,
non-hexagonal rings. Finally, from these structural observations we end up this paper by proposing some new, high

stability, defective graphene sheets.



Image Guided Atomistic Reconstruction of pyrocarbons:

The IGAR procedure starts from some selected lattice fringe HRTEM images of the materials like those of a rough
laminar pyrocarbon as prepared and after partial graphitization shown respectively on Figures la and 1d. From these
images, first (mean, variance, skewness and kurtosis) and second (autocorrelations) order multi-resolution 2D
statistical descriptors are collected. Then, these descriptors are extended to 3D according to the orthotropy of the
material, in our case the statistical equivalence of every plane by rotation around the main stacking direction (vertical

plane on Figure 1).

Figure 1: lllustration of the IGAR reconstruction of an “as prepared” (AP) and a “heat treated” (HT) pyrocarbons.
(a): Filtered experimental HRTEM image of the AP pyC; (b) Synthesized 3D HRTEM-like image of the AP pyC; (c)
Reconstructed atomistic model of the AP pyC; (d,e.f): equivalent to (a,b,c) for the HT pyC. Blue: Bonds between
atoms belonging only to hexagonalrings; Orange: Other bonds.

From these 3D statistics, the 2D image synthesis method of Portilla and Simoncelli [7] is easily extended to 3D and
3D HRTEM-like image blocks of the AP and HT pyCs can be obtained (Figures 1b and 1e respectively). These blocks
are then filled with carbon atoms at the suited density and a simulated annealing simulation is launched to cool the
system from the liquid state (8000 K) to room temperature. In this simulation, molecalur dynamics is used to trace the

REBO

atomic motions under the combine effects of an interatomic potential U , the second generation REBO potential

[8], and of an external potential UMRTEM defined by the 3D image block:

N
[ RTEM klmz I(r).

i=1
In this equation, i is an index running over the atoms, I(r;) is the grey level, ranging from 0 (white) to 1 (black) at
position r; and ki, = 2 eV, is an energy conversion factor. This potential has for effect to bring the atoms to sit

preferentially on the light areas of the image block while UREBO ensures that the atoms make proper chemical bonds



between each other. As discussed in ref [6], a non-uniform cooling sequence with the slowest quench rate around the
melting point of carbon is used. The models obtained for the two pyrocarbons are shown on Figures 1c and 1f. They
are very similar on the “chemical” point of view with around 98 % of three-fold atoms, forming mainly hexagonal
rings (around 89 %) with 5 to 6 % of pentagonal and heptagonal rings. Both models also show a structure made of
hexagonal rings domains linked together by high defects density areas and screw disclocations. Actually, the main
difference between the two model materials is on the nanotexture; the HT pyC model showing extended and flat

carbon sheets while the AP one shows smaller and more curved sheets.
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Figure 2: HRTEM images of the AP (a) and HT (b) simulated from the atomistic pyC models.

Figure 2 shows the HRTEM images simulated; using the NCEMMS software [9], from the atomistic models of the AP
(Fig. 2a) and HT (Fig 2b) pyCs. Comparing these images with the filtered experimental images of Figs la and 1d
confirms the ability of the procedure to generate a given nanotexture (small and curved fringes for the AP pyC; long

and flat for the HT pyC).
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Figure 3: Pair Distribution Functions (PDFs ) of an AP pyC. Blue : Neutron scattering; Red: AP pyC model.

Figure 3 shows the reduced atomic pair distribution functions (PDFs) G(r), rG(r) and rzG(r) measured on an AP pyC
powder using Neutron scattering and the corresponding functions computed from the AP model. As can be seen, the
model perfectly reproduces the experimental G(r) although the two first peaks are a bit too narrow, probably because

of too rigid C-C bonds in the potential model. Plots of »G(r) and rzG(r) highlight the differences between the



experimental and model PDFs at large values of r. As can bee seen, positions of the maxima and minima are
extremely well reproduced by the model and the main deviation is that the model’s peaks are slightly less pronounced

than the experimental ones at r larger than 1.5 nm.
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Figure 4: Snapshot of a carbon sheet taken from the HT pyC model. Blue: purely hexagonal C-C bonds; Orange:
other C-C bonds; Red: Cs-C; pairs and chains.

Figure 4 shows a carbon sheet extracted from the HT pyC model. The intra-sheet structure is made of misoriented
nanometric graphenic domains (blue) connected by defective grain boundaries (orange) having a high density of
pentagonal (Cs) and heptagonal (C;) rings. These non hexagonal rings are found in similar proportions (between 5 and
6 %) and form Cs-C; pairs and pair lines (red) explaining the flat shape of the sheets despite this high amounts of
defects. Finally, many inter-sheet connections exist in the materials through screw dislocations as can be seen on the
top right side of Figure 4. The structure of the AP pyC is very similar and the main differences are that graphenic
domains are smaller, Cs-C; pairs are more scattered in the structure (shorter lines) and that the density of screw

dislocations is higher.

Figure 5: Anew, stable, defective carbon sheet. a: Snapshot taken from the HT pyC model showing (green
rectangle) a defect made of two C7, one inverted Cé and two C5rings (2C7iC¢2Cs). b: Carbon sheet built by
periodically repeating the greenrectangle.



Finally, we show on Figure 5a a particularly interesting class of defect observed in our HT pyC model. It is made of
two adjacent heptagons (2C;) connected with an inverted hexagon (iC¢) which is surrounded by two pentagons (2Cs).
This motif allows two build the crystalline sheet shown on Figure 5B. Preliminary DFT calculations on this structure

shows that it is more stable than haeckelite[10], the most stable carbon sheet found so far after graphene.
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