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Bucky-diamond versus onion-like carbon: End of graphitization
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The graphitizing extent of nanodiamond has been studied by examining stabilities of all intermediate structures
encountered in the graphitization process including bucky-diamond and onion-like carbon. The curves of enthalpy
of formation imply that for nanodiamonds with various size and morphology, there are at least one or more
peaks and valleys corresponding to the thermodynamically disfavored and favored structures, respectively. The
unstable structures located at the peaks are indicated to be bucky-diamond and onion-like carbon. In contrast,
the stable structures positioned along the valleys are variants of bucky-diamond. Furthermore, the difference in
these structural stabilities is largely attributed to the relative contributions from both dangling bond energy and
strain energy. The variants of bucky-diamond create a balance in those two aspects, and therefore become the
thermodynamically favored structures and indicate the end of graphitization.
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I. INTRODUCTION

Owing to the recent commercial availability of 5-nm
nanodiamonds, nanoscale diamond particles have attracted
enormous attention and exhibit promising perspectives in
chemical and biomedical fields such as chemical catalysts, !
drug delivery,® and biomedical markers.*~” These applications
are largely attributed to the diverse properties of various
phases including nanodiamond, bucky-diamond, and onion-
like carbon (OLC).”® Nevertheless, these various phases
transform to each other under certain conditions, which will
alter their surface morphologies and electronic structures, and
may even change their assembly properties.' For example,
graphitization causes phase transitions from nanodiamond
to bucky-diamond to OLC, demonstrated in both aspects of
experimental observation''~'® and theoretical modeling.'®->°
At the same time, the reverse transformation from OLC
to nanodiamond has also been observed experimentally>'~%¢
as well as modeled by molecular simulations.”’ Interest-
ingly, in most cases of these two kinds of transformation,
the final product is not the nanodiamond or OLC but
the bucky-diamond, which is a carbon structure formed
by a diamondlike core and single or multiple cagelike
shells.?

In addition to experimental approaches, this phenomenon
has also been studied by a number of thermodynamics models
and molecular simulations in recent decades.”!”->*-3* As early
as 1990, Badziag et al. showed that in nanoscale, diamond
may be more stable than graphite with a particle size of up to
5 nm based on a model of enthalpy of formation.’® Later,
Barnard et al. explicitly extended this familiar thermody-
namic model to carbon nanoparticles including nanodiamond,
bucky- diamond, carbon onion, and fullerene with respect to
contributions not only from cohesive energy but also from
strain energy and dangling bonds energy, leading to a relaxed
nanodiamond occupying the stability “window” between ~1.9
and ~5.2 nm, as well as bucky-diamond coexisting with
carbon onions in ~1.7-2.0 nm and with nanodiamond in
~2.0-2.2 nm.%3132 Meanwhile, Raty and Galli examined the
stability of nanodiamond as a function of surface hydrogen
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coverage and of size by ab initio calculations and found
that bucky-diamond was thermodynamically more stable than
those with hydrogenated nanodiamond at ~3 nm.*> All these
results indicate that bucky-diamond is the thermodynamically
preferred carbon nanostructure in a certain range of size. Ad-
ditionally, the graphitization process on the (111) surface was
recently revealed to be induced by the dangling bonds based
on density functional theory computations, and meanwhile a
criterion for the bond rupture process was also proposed.®
Later, this proposed mechanism was supported by the studies
of Petit ef al. on the early stages of surface graphitization
using x-ray photoelectron spectroscopy.?’ Such a bond rupture
criterion greatly facilitates further theoretical explorations on
graphitization.

However, one fundamental question, which has not yet been
fully answered, is why in most cases the final product of struc-
tural transformations among nanodiamonds, bucky-diamond,
and OLC is not the original nanodiamond or thoroughly
graphitized product of OLC but the partial graphitized product
of bucky-diamond with one or more shells. In other words,
when does graphitization end?

In this paper, thermodynamics stability of intermediate
carbon particles appearing during the graphitization process
from clean nanodiamond to bucky-diamond to OLC was
investigated by modifying the familiar thermodynamics model
to a universal form. As surface hydrogenation may prevent
the graphitization of nanodiamond,**-3® only the clean carbon
nanoparticles have been considered here.

II. METHODS

A. Enthalpy of formation computations
Phase stability of a carbon nanoparticle is estimated based
on the enthalpy of formation on the basis of earlier works by
Barnard et al.®*'*? The enthalpy of formation of fullerenes
and carbon onions [AH ?-(F )] as well as clean nanodiamond
[AH?-(D)] was previously expressed in terms of the C-C
bond energy Ecc and dangling bond energy Epg, such
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where N is the number of carbon atoms, Npg is the number of
dangling bonds, EL. is the C-C bond energy in nanodiamond,
E&. is the C-C bond energy in fullerene and carbon onions,

Ef VdW is the van der Waals attraction between graphite sheets,

Eslfram is the contributions from strain energy, and AH(C) is
the standard enthalpy of formation of carbon at 298.15 K.

In the present study, treatments of (1) and (2) are modified
to a universal form to evaluate the enthalpy of formation
of each associated carbon nanoparticle in the graphitization
process including nanodiamond, bucky-diamond, OLC, and
other intermediate structures. First, according to the coordinate
number of carbon atoms, the term Ecc is divided into three
terms: E{Z, EX. and EX2. , respectively corresponding to the
twofold, threefold, and fourfold carbon atoms. In this transfor-
mation, ECC2 and EZ, . ¢ are in accord with the original terms of
Ef. and EE.; Ny, N;pz, and Ny are the number of carbon
atoms with twofold, threefold, and fourfold hybridization,
respectively. In this way, carbon structures simultaneously
including twofold, threefold, and fourfold carbon atoms can be
handled. Secondly, as the strain energy term of EX ;. was used
to describe the strain energy of a single carbon cage according
to the proposition of Barnard et al.,’> for the case of OLC
formed by fullerenes and of bucky-diamond surrounded by
Nshenis fullerenes, it is reasonable to roughly assume that its
strain energy is equal to Ngpejs times of the strain energy of a
single carbon cage. Thus, a coefficient of N5 is introduced
and (1) and (2) become

AHY(D) N Nop o2 Nop s
f s K s s s s
e = NgE&+~NLE&+~NLE&
+AH°(C)+ [EDB+AH°<DB)]
F 1
+Nshells stram + 2EvdW. (3)

The parameters used in the present work are as follows:
ElC = 5.207 eV, Eé”c = 3.855 eV, AHfO(C) = 7.432 eV,
ED, =1.619eV,EL . =5.19eV,and EXYY =0.056 eV, which

strain
are previously calculated from the result of VASP calculations

and employed by Barnard et al.;*'** AH)(DB) = 3.855 eV

as AH O(DB) is equal to the dissociation energy of the C-C
bond; N Np2, Nyp3, Npg, Nc, and Nypepis are determined in

Sp» SpTo Spoo

the individual calculations; Egle. = Egg in this work for the
twofold carbon atoms which are located on the (100) surfaces
possess two C-C single bonds and two dangling bonds, and
the numerical value of dangling bond is equal to that of C-C
single bond.

Howeyver, a novel carbon structure will be encountered in
the graphitization process, which we named “variant-bucky-
diamond” in this work. It is a variant of bucky-diamond,
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appearing in the structure transformation from nanodiamond to
bucky-diamond and from bucky-diamond to OLC, where only
part of the carbon bonds on the interface between the innermost
cage and the diamondlike core exist, and the other parts of
the carbon bonds are broken. In order to correctly estimate
the enthalpy of formation of the variant-bucky-diamond, we
further extend formula (3). First, the dangling bonds are
determined by satisfying either one of the following two
criteria: if one atom is threefold and all three bonded atoms are
fourfold, then the atom is considered to possess one dangling
bond; if one atom is twofold and the two bonded atoms are
fourfold, then the atom is deemed to have two dangling bonds.
The former criterion is proposed for discerning the dangling
bonds on the (111) surfaces and subsurfaces and the latter one
is for distinguishing the dangling bonds on the (100) surfaces
and subsurfaces, where the subsurfaces are gradually exposed
during the graphitization process. In this way, the parameter
Npg can therefore be quantitatively obtained. Secondly, for
variant-bucky-diamond, the strain energy of carbon cages can
be assumed to be an accumulation of the contributions of
every graphited carbon atom and therefore its value can be
evaluated by summing up these contributions all over the
graphited atoms, where the graphited atoms are the threefold
atoms connected by w-7 bonds and no dangling bond. Then,
(3) becomes

AHO(D) N Ny Nyps
— I pr g ”Eg’;+ ”E +AH(C)
Ne  Nc
+ 2o [t aYDB)]
N f
N, shells Eslfrain 1 vdW
e 2 TprtpREl @

graphited atoms

Similarly, van der Waals attraction between nearby shells
is assumed to be the sum of contributions from the graphited
atoms and therefore the term E(V:‘éw is calculated only for the
graphited atoms:

0
AHf(D) Nop psp N N,

N
+ % [EB; + AHO(DB)]
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In the following study, formula (5) is employed to estimate
the enthalpy of formation of carbon nanoparticles.

B. Molecular simulation details

In this work, nanodiamond particles are constructed by
cutting from ideal diamond crystals, with two morphologies of
octahedral and truncated octahedral. Then, the simulation of
graphitization follows the criterion proposed in our previous
study.*® In short, if one atom (atom A) on the (111) surfaces is
fourfold atom bonded with three threefold atoms on the same
surface and one fourfold atom (atom B) on the inner shell,
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FIG. 1. (Color online) Examples of fully graphitized nanodia-
monds with truncated octahedral shape (Cags, Csss, Cs37, Cii9s, and
C1639) and octahedral shape (ngﬁ, C455, C680, C969v and C]330).

then the covalent bond connecting atom A and atom B will
rupture. Furthermore, graphitization and exfoliation are most
likely to take place preferentially in the area adjacent to the
(111)/(111) edge. In addition, we assume the bonds rupture
one after another, even for the equivalent bonds. Moreover,
in order to evaluate the curvature of each graphited atom in
the term Y o iced atoms (EF ../ R, structural relaxation was
carried out for each structure by a MM2 force field using the
TINKER molecular modeling package.*

These criteria and computational methods have been
verified in our previous study examining the graphitization
process, which describes the bond rupture and obtains a
result consistent with experimental observations and molecular
simulations.?® In particular, such criteria are concluded from
the quantum-mechanical simulations and can correctly reflect
the contribution of electrons and dangling bonds. Nevertheless,
due to the restriction of computational capabilities, it has not
been easy to deal with molecules with thousands of atoms
by quantum-mechanical methods until now. Even so, such
attempts of pure quantum simulations are being carried on
and will be discussed in our future work. In the present
work, we use formula (5) to give a preliminary estimation
on the thermodynamic stability of the intermediate structures.
Furthermore, in order to improve the accuracy of the estimated
curvature of each graphited atom, which corresponds to
the parameters of R in formula (5), a force field based
method is performed. Finally, such a phenomenological model
not only evidently indicates the end of graphitization, but
also intuitively exhibits the influential factors related to the
stability of those carbon nanostructures. Examples of the fully
graphitized nanodiamonds are shown in Fig. 1.

III. RESULTS AND DISCUSSION

First, we focus on the intermediate carbon nanostructures
appearing in the graphitization process of truncated octahedral
nanodiamond Cgz; (2.2 nm). The atomic enthalpy of formation
of these intermediaries is illustrated in Fig. 2, in a manner
of curve which represents the relationship of the enthalpy of
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FIG. 2. (Color online) Enthalpy of formation of the intermediate
carbon structures encountered in the graphitization process of
nanodiamond Cg3; as well as four intermediaries in sectional view
(orange for the threefold atoms and green for the fourfold atoms).

formation and the number of bond rupture. Notably, the curve
is composed of several lines, where the same line indicates the
broken of the equivalent bonds, one after another. Thus, due to
the distinction of bond rupture in different lines, the curve goes
upward in some stages and downward in other stages, leading
to the formation of two valleys. The first valley is located at
the number of bond rupture 50-80, while the second one is at
175. These two valleys suggest two thermodynamic stable
morphologies in all intermediaries, which suffer different
degrees of bond rupture and thus possess a distinct number
of carbon cages. As presented in Fig. 2, the intermediate
structures in the first valley are surrounded by one carbon cage,
while the structures in the second valley are encircled by two
cages. Furthermore, these two valleys are separated by a large
energy barrier of ~0.2 eV/atom, suggesting that structural
transition between these two morphologies requires high extra
energy to overcome the energy barrier, and consequently,
carbon nanostructures with one or more cages could coexist.*
Meanwhile, the energy barrier suggests that the graphitization
on the surface only requires a minor activated energy that
can be achieved in a lower temperature, while the further
graphitization on the inner diamond core needs a higher
temperature, leading to the conclusion that the extent and
dynamics of graphitization depend on the temperature, which
is in agreement with recent experimental observations.?’

Interestingly, bucky-diamonds and OLCs take up the peaks
of the curve, indicating that they have a relatively low enthalpy
of formation and no thermodynamics advantage in comparison
to the phases in the valleys. In contrast, the energy favored
structure in the valley is variant-bucky-diamond.

In order to determine the factors affecting the stability
of carbon nanostructures in the graphitization process, the
covalent bonds, dangling bonds, and the movement of relative
energies are therefore carefully examined. As expected, the
covalent bonds decrease linearly as the number of bond
ruptures increases, as shown in Fig. 3(a). Furthermore, as
presented in Fig. 3(b), the number of fourfold atoms decreases
while the number of threefold atoms increases, in accordance
with the features of graphitization that sp> carbon atoms
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FIG. 3. (Color online) Graphitization process of nanodiamond Cgs7: (a) number of bonds, (b) fraction of coordination number, (c) number

of dangling bonds, and (d) relative energy as number of bond rupture.

transform into sp? carbon atoms and with the experimental
measured fractions on the early stages of graphitization.?
In addition, the fraction of twofold atoms stays the same
in the graphitization process, as the twofold atoms located
on the (100) surface are unchanged. It should be noted that
carbon atoms on the (100) surfaces will not participate in the
graphitization process, and the twofold atoms on the (100)
surfaces have a negligible impact on the relative value of
enthalpy of formation.*® Thus, the reconstruction process on
the (100) surfaces is not considered and the outcomes of current
studies will not be affected.

The movements of relative energies are illustrated in
Fig. 3(d). It is clear that the enthalpy of formation is dominated
by the two factors, dangling bond energy and strain energy,
while contributions from bond energy and van der Waals
are very small. Notably, dangling bond energy shares the
same movement tendency with total energy in the entire
graphitization process, suggesting that the dangling bond is
the decisive factor to the enthalpy of formation. On the other
hand, the impact of strain energy increases as the graphitization
continues, since the effects of strain energy become more
evident for the smaller carbon cages encountered at the later
stages of the graphitization process.

However, the number of dangling bonds is not linear
dependent on the number of bond ruptures. In turn, similar to
the situation of enthalpy of formation, the number of dangling
bonds has a distinct tendency in different stages of graphi-
tization. For example, in line B-C in Fig. 3(c), the number
of dangling bonds decreases while in line D-E, the number of
dangling bonds increases. Therefore, the dangling bond energy
shows valleys and peaks too, as illustrated in Fig. 3(d).

Furthermore, the relative number of dangling bonds is
found to be associated with the specific bond rupture process.
As addressed in Figs. 4(a)-4(c), bond A-B (colored red)
breaks, leading to both atom A and atom B becoming threefold

FIG. 4. (Color online) Examples of the dangling bonds before
[(a), (d)] and after [(b), (c), (e), and (f)] the bond rupture process: (a),
(b), (d), and (e) in side view; (c) and (f) in top view. (a)—(c) correspond
to line B-C in Fig. 3(c)); (d)—(f) represent line D-E in Fig. 3(c).
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FIG. 5. Enthalpy of formation as number of bond rupture of truncated octahedral nanodiamonds (a) Cs4g and (b) Cy¢39 as well as octahedral

nanodiamonds (c) Cyss and (d) Cogo.

atoms and may combine nearby atoms on the same surface to
form 7 bonds. In detail, on the one hand, each of the three
atoms connected to atom A on the same surface possesses
one dangling bond before rupture and will lose them after,
causing a decrease of three dangling bonds in total. On the
other hand, for the atoms in the inner cages such as atom
B, its coordination number changes from four to three in the
rupture process. But as shown in Fig. 4(c), since one of the
atoms connected to B has already suffered bond rupture and
possesses three connected atoms, which is atom C (colored
yellow) in this case, atoms B and C will form a new 7 bond
rather than form new dangling bonds. Therefore, as a total
effect of these two aspects, the rupture of bond A-B gives rise
to a reduction of three dangling bonds.

In another situation, the bond rupture process correspond-
ing to line D-E in Fig. 3(c) causes the number of dangling
bonds to increase. As illustrated in Figs. 4(d)—4(f), bond A-B
breaks. Consequently, for atom A, since each of the atoms
connected to atom A on the same surface has previously
formed 7 bonds without any dangling bonds, the bond rupture
has no effect on these atoms. And for atom B, every atom
connected to atom B on the same surface is a fourfold atom
before the rupture and after, leading to only one new dangling
bond forming at the location of atom B. As a consequence, the
rupture of bond A-B brings out one new dangling bond.

Since the number of dangling bonds is not monotonic,
the valleys and peaks of the curve of enthalpy of formation
therefore form. Further, because bucky-diamond and OLC
have more dangling bonds than variant-bucky-diamond, the
former two structures locate at the peaks of the curve and the
latter structure takes up the valleys.

The influence of particle size on enthalpy of formation
is also examined by investigating truncated octahedral nan-
odiamonds Cs4g (1.8 nm) and Cig39 (2.8 nm) as well as
octahedral nanodiamonds Cyss (2.0 nm) and Cygg (2.8 nm).
As illustrated in Fig. 5, several features are evident. First,
as the size increases, more valleys appear. In the case of
truncated octahedral nanodiamonds from Cssg to Cig39, the
number of valleys grows from two to three. Likewise, for
octahedral nanodiamonds from Cyss to Cogg, the number of
valleys increases from one to two. Secondly, for the larger
nanodiamonds such as Cjg39 and Cogg, the first valley has no
more of a thermodynamic advantage than the other valleys,
resulting in the final product of the variant-bucky-diamond
always possessing more than one carbon cage.

The curve of enthalpy of formation and the variant-bucky-
diamond structures greatly facilitate the understanding of some
experimental results. For instance, as the thermodynamics-
favored structure is variant-bucky-diamond rather than the nan-
odiamond and OLC, the transformations from either nanodia-
mond or OLC to variant-bucky-diamond are achievable. This
is in agreement with the experimental observations that both
the transformation from nanodiamonds to carbon onions and
reverse transformation from carbon onions to nanodiamonds
occur. Moreover, previous experiments revealed that the mech-
anism and extent of graphitization depend on temperature.>*!
Nanodiamond transforms into bucky-diamond in a lower
temperature. However, in a higher temperature, nanodiamond
transforms into OLC. With the curve of enthalpy of formation,
these phenomena can also be elucidated. The graphitization
from nanodiamond to the first variant-bucky-diamond is likely
to occur spontaneously, leading to a low initial temperature.
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Nevertheless, the graphitization from the first valley to the
next valleys requires remarkable active energy to overcome
the energy barrier, thus a higher temperature is necessary.
Furthermore, variant-bucky-diamond has an advantage over
the enthalpy of formation and makes it the most proba-
ble experimental product. As illustrated in Figs. 4(b) and
4(d), the dangling bonds with unpaired electrons in the
variant-bucky-diamond exist in the location of inner carbon
shells, in agreement with the experimental measurement
from NMR spectroscopy that nanodiamond has a core-shell
structure within unpaired electrons probably in homogeneous
distributions.*”*> Meanwhile, in some experiments nanodia-
mond particles are reported to have a core-shell structure with
an ordered diamond core covered by a disordered (amorphous)
outer shell formed by the mixed sp?/sp> carbon atoms.*® Such
adisordered outer shell is consistent with the structural features
of variant-bucky-diamond, as illustrated in Figs. 4(b) and 4(d).

IV. CONCLUSION

In conclusion, thermodynamic stabilities of the interme-
diate carbon nanoparticles in the graphitization process of

PHYSICAL REVIEW B 86, 155417 (2012)

nanodiamonds are investigated. The curves of enthalpy of
formation exhibit one or more valleys, indicating that the
stable carbon nanoparticles possess one or more carbon cages,
and graphitization will most probably end at the locations
of valleys. The enthalpy of formation is determined by two
factors: the dangling bond energy and strain energy. As
the graphitization continues, the strain energy monotonically
increases, while the number of dangling bonds and associated
dangling bond energies increase in some bond rupture stages
and decrease in other stages, which depends on the specific
bond rupture process. Consequently, the valleys on the curve
subsequently form and the carbon structures on the valleys are
indicated to possess a variant-bucky-diamond structure.
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