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1. Results from the previously funded research (2007 — 2010)

In the past 2.5 years, we investigated silicon carbide derived carbons at a comprehensive level and
moved towards titanium carbide.

As for the modeling carried out at Georgetown University, the newly developed computer
algorithms were successfully used to study carbon formation. It was assumed, sp® bonded carbon forms

81920 Therefore, a study was carried out for large vacancy clusters / pores in

upon chlorination of SiC.
diamond (up to Vgs). It was found, that open pores on the nanoscale level show a tendency for
graphitization?” 22, This has great effect on the physicochemical behavior of the carbon material, for

example, in regard to sorption and provides a basis for comparison with experimental data.

Over the course of the last years, we succeeded in establishing highly reproducible treatment
processes for CDC with tunable pore size and nanostructure. CDC formation in vacuum was studied and
it was found that carbon nanotube (CNT) growth can be continued by the addition of CO, to the
atmosphere. In agreement with previous results, this shows the great potential of SiC CDC (and carbide
derived carbon in general) because of its tunability in terms of layer thickness, carbon nanostructures,
pore size, pore volume and the corresponding physico-chemical (sorption, conductivity) and mechanical
properties.

1.1. Theoretical studies (Georgetown University)

Work progressed along parallel fronts at the Georgetown subgroup. (1) We have developed new
computer programs and installed commercial programs with the support of the grant. (2) We performed
extensive testing and validation studies on carbon phases and carbon compounds with unusual bonding
situations. (3) We established qualitative differences with respect to the better known Si systems. (4)
We have performed an extensive and comprehensive study of vacancy clusters in diamond starting from
V; to Ves. (5) We have developed a new measure (energy averaged Fukui index, EAFI)™ ** for the
characterization of open carbon structures with high reactivity. (6) We have developed and confirmed
the hypothesis regarding local “graphitization” tendencies of small and medium vacancy clusters. (7) We
have discovered novel structures of vacancy clusters and obtained an accurate atomistic description of



the diffusion of a vacancy in diamond. Below we summarize the developments in the modeling area in
some detail.

1.1.1. New programs and infrastructure

We developed a specialized software using the tight binding density functional theory (TBDFT)** and
a genealogical algorithm extending the philosophy of Baker et al. * to the realm of computer
modeling.”! The algorithm maintains full structural diversity without prejudice for high symmetry and it
generates in principle all, for larger pores the most stable vacancy clusters and pores extending previous

work 2%

on pores with very limited structural diversity allowing to obtain realistic modeling of complex
and unbiased pores shapes with varying sizes. We also applied for and obtained supercomputer time for
this project and strengthened the local multiprocessor infrastructure and available software through

funds of this grant and with Georgetown University funding.

1.1.2. Testing and validation
A significant fraction of the work was devoted, as planned, to validations and comparisons of

different methods with each other and with available experiments. We have successfully modeled and
interpreted experimental data on simple known carbon structures and their energetics. We
systematically compared different supercells within TBDFT, VASP (Vienna ab initio Simulation Package)
and Brenner-type modeling. We have extensively tested the Brenner-type approach and concluded that
for carbon vacancies it is inferior to the DFT approaches both at the full self consistent level (using plane
wave, VASP code, and atomic orbital basis sets, Gaussian 03 and DMol codes) and the geometry
optimized TBDFT level. The primary testing criteria were formation energy and structural features.
TBDFT proved adequate and very fast and, therefore, it became the basis of the production runs.

This part of the project aims at keeping our modeling as honest as possible. We are finding
molecular analogs of the otherwise unusual chemical environments found around vacancies and
vacancy clusters, in particular elongated CC bonds with changing hybridization. In contrast to modeling
based on classical force fields (including Brenner-Tersoff-type) we do not find sp hybridized segments or
chains because these are highly unsaturated and tend to anneal in the QM treatment.



1.1.3. Qualitative differences between C and Si systems
The problems for the purposes with Brenner-type potentials *® for modeling carbon materials are
due to the significant differences between Si and C in terms of the relative importance of sp?/sp>

2939 that are present and change within one material. For carbons, the mi-delocalization, an

hybridization
essentially quantum mechanical (QM) effect, provides the driving force toward graphitization. Since the
characterization surface reorganizations inside the pores in carbons is a key objective of this project we
had to develop our version of the TBDFT, rather than pursuing the Brenner approach which is faster and

would have allowed a larger statistical sampling of structural models.

1.1.4. Comprehensive study of vacancy clusters in C

We have completed the optimization of structure with vacancy clusters, V,, with n=1,2,...65. These
large scale calculations were done mostly with TBDFT, based on the validation mentioned under 2. All
structures up to n=7 were fully modeled. Structures for n>7 were generated by our own unique
algorithm based on selecting the lowest energy structures for n and the generating all structures for
n+1, starting with n=7. The characterization of these larger V, species includes energetics, structural
parameters (connectivity polyhedra, sp?/sp® characterization, Jahn-Teller and Peierls distortions) and
comparisons with available experimental data. It is surprising how few of these clusters have been
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characterized so far in the literature most likely due to the fact that appropriate methods were

lacking, as mentioned above.

Based on the completed modeling, we are making generalizations for the low energy local
graphitized environments and structures. These are highly unusual bonding environments, and often
show a signature motif that we termed as the Tetrahedron Of Local Graphitization (TOLG, Fig. 1) with a

tendency toward planarization and local states in the gap.”* *

Fig. 1: lllustration of the graphitization trend for the Vs vacancy cluster. (Red
atoms in the center are the vacancy atoms missing.) Relaxation using
TBDFT reduces r, from the van der Waals distance of 3.35 A to the
unusual value of 1.99 A. Most significant change is the displacement of
two carbon atoms just above and under the cyclohexane-like ring. This
is the region of the tetrahedron of local graphitization we observed in
most of the relaxed structures around the internal surfaces of pores.

This planarization occurs with a
concomitant increase of the r, bond
along a sp® to sp® path creating
completely unusual C-C distances

not seen in chemistry and which fall

) . Fig. 2: The most stable V3; vacancy cluster indicates a graphitized
in the 1.8 to 2.6 A range. These region, shown by the blue atoms that all have near sp?
unique bonding environments will hybridization. The sp3 carbons and their o-bonds are represented
play an important role in the by a wireframe.



planned research. These unusual structures are stabilized by the surrounding network. The
graphitization tendency has two key aspects: graphitization distorts small and medium size vacancy
clusters, and it distorts the shapes of larger vacancy clusters, such as Vs (see Fig. 2, Ref. *3). The latter
tendency is the basis of slit pores *® being preferred over more spherically shaped pores, a trend unique
to C and not present in Si.

1.1.5. Characterization of complex non-periodic structures
We have approached the problem of characterizing complex structures by focusing on well

developed indices that have dual utility: they can identify the unusual structural regions and convey
information on their various (electrophilic, nucleophilic and radical) reactivities. We have developed a
new measure (energy averaged Fukui index, EAFI)? for the characterization of open carbon structures
with high reactivity, to be used in the planned modeling. These reactivity indices supplement the ring
statistics, angular distributions and pair correlation measures used in characterizing these structures.>
We find that due to the developing aromatic rings, the relaxed structures are less reactive than would
be expected from the large number of dangling bonds in the unrelaxed structures. This auto-passivation
of the locally graphitized structures is an important new insight into the understanding of CDCs.

1.1.6. The hypothesis of “graphitization” tendencies in vacancy clusters in C
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Fig. 3 displays the ‘calculated angle distribution for V3,. As an illustration of the graphitization
tendencies, note the emerging peak near 120° in the angle distribution function of the most stable
vacancy cluster for n=30, chosen for illustrative purposes here.** Besides from the dominant tetrahedral
peak at 109.5° the additional peaks and shoulders indicate highly strained local environments in the
relaxed carbon network.

This hypothesis needs to be further studied and confirmed for the formation of new carbon phases
in the proposed work. The implication of this local graphitization for the properties of relatively open
carbon structures such as pores, nanotubes and graphene is that it has the potential to change our
thinking about the chemi- and physisorption properties of these open carbon phases. A similar analysis
on silicon reveals that neighboring three-coordinated atoms move toward each other leaving only four-



coordinated atoms on the void surface. For carbon, only QM treatment can produce sufficiently reliable
energetics that reflects this local graphitization.

1.1.7. Unusually stable traps, local formations and diffusion of a vacancy
We have discovered a stable divacancy cluster (2C in Fig. 4) that displays a nearly ordinary C=C bond

and should be detectable by resonance Raman spectroscopy. We also found barriers to the motion of
monovacancies and divacancies which are necessary in order to better understand the structures of
carbide derived carbons. We have discovered that the 1l hypothetical divacancy structure is not stable
toward the V,. Simulations that often display 2 connected carbons, such as in 1l, are obtained by non-
quantum mechanical force fields and are less stable than the non-QM modeling would indicate (Fig. 4).%
The diffusion mechanism we revealed by QM modeling agrees with basic data on the activation energies
and provides novel insights into the transformations that occur in the highly reactive environments that
forms the core of the new plans presented in this proposal.

w% Fig. 4: Stepwise diffusion mechanism of one
& monovacancy moving toward another. 2C

o is a stable trap, V. is the most stable

=, — H —_ H structure, barriers indicate that the only

3E N y v viable mechanism toward V., has to start

2c from 3A or 3E (3’d axial or equatorial
L4 3? ® neighbor). Red sites indicate the migrating
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