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ABSTRACT: Microwave irradiation of Ni, Co, Cu, Ag, and Pt
metal salts supported on graphite and charcoal revealed a series
of carbon surface modification processes that varied depending
on the conditions used (inert atmosphere, vacuum, or air)
and the nature of metal salt. Carbon materials, routinely used to
prepare supported metal catalysts and traditionally considered
to be innocent on this stage, were found to actively change
under the studied conditions: etching and pitting of the carbon
surface by metal particles as well as growth of carbon nanotubes
were experimentally observed by FE-SEM analysis. Catalyst
preparation under microwave irradiation led to the formation
of complex metal/carbon structures with significant changes
in carbon morphology. These findings are of great value in
developing an understanding of how M/C catalysts form and evolve and will help to design a new generation of efficient and
stable catalysts. The energy surfaces of carbon support modification processes were studied with theoretical calculations at the
density functional level. The energy surface of the multistage process of carbon nanotube formation from an etched graphene
sheet was calculated for various types of carbon centers. These calculations indicated that interconversion of graphene layers and
single wall carbon nanotubes is possible when cycloparaphenylene rings act as building units.

KEYWORDS: metal nanoparticles, carbon support, microwave irradiation, M/C catalyst, carbon nanotubes, carbon pitting,
carbon etching, semiempirical calculations

1. INTRODUCTION

Carbon materials are utilized frequently as a support for metal
clusters and metal nanoparticles in the preparation of metal
on carbon (M/C) catalysts.1 Microwave treatment is a well-
established method for the preparation of M/C transition metal
catalysts for industrial and laboratory applications.2−4 The typical
advantages of using carbon-supported catalysts include their high
stability and the innocent nature of support as well as the ability
to recycle such catalysts after use.5 Variations in the preparation
procedure used lead to supported catalysts with modulated
activity at the metal centers.6 Depending on the preparation
method employed, metal particles may be weakly bound to the
carbon surface or strongly bound to multiple carbon layers.
Metal/carbon catalysts have been successfully applied to

mediate a number of important reactions in organic synthesis.
Fascinating properties have been discovered for various Ni/C
catalysts, for example, in cross-coupling, C−H and C−C bond
formation, amination, hydrogenation, dehydrogenation, hydro-
dechlorination, carbonylation, and hydrothermal gasification
reactions.7 Other M/C catalysts have been found to be highly
efficient for numerous transformations including C−H function-
alization; formylation; Heck, Suzuki, and Sonogashira reactions;
aromatization; H/D-labeling; hydrogenation; hydrodehalogena-
tion; oxidation; dehydrogenation; and bio-oil processing.8

The field of carbon materials itself, stimulated by increasing
interest in graphene systems, has grown tremendously in recent
years.9 Many different types of nanostructured carbon materials
are accessible now with several promising areas of application in
chemistry and catalysis.10 Carbon materials have been modified
using metal particles as catalysts, which successfully mediate the
growth of various carbon nanostructures.11 In a typical case,
carbon-containing precursors (such as acetylene, ethylene, and
methane) are passed over metal particles, leading to formation of
carbon nanotubes. The hydrocarbon gas decomposes during
contact with the molten metal particle, and dissolution of carbon
into the metal takes place. Depending on the nature of metal−
carbon interaction, a tip-growth model or base-growthmodel has
been observed during formation of the nanotubes by this
method.12 Termination of the growth process occurs when
carbon layers completely cover the surface of the metal particle,
blocking further access of carbon precursor molecules to it.13

It should be emphasized that these two areas  the pre-
paration of supported M/C catalysts and graphene research 
are more or less studied independently of one another, although
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it is evident that interdisciplinary study of the two fields is
extremely important for stimulating new developments and
finding new areas of practical application.
In the present study, we investigated the behavior of the

carbon support and the metal−carbon interactions that occur
during M/C catalyst preparation under microwave irradiation
(M =Ni, Co, Cu, Ag, and Pt). Several readily available metal salts
were employed under regular conditions to prepare the M/C
supported catalysts studied here. Nickel systems were of
particular interest, as it has been shown that Ni may outperform
more expansive Pd-based catalysts in several practical trans-
formations.14

Surprisingly, we have found that catalyst preparation under
routine conditions in certain cases initiates metal particle-
mediated reactions that change the morphology of the carbon
support. Preparation of the M/C catalysts involved mastering of
the carbon surface with metal-mediated etching and carbon
nanotube growth. The carbon support exhibited noninnocent
behavior during the catalyst preparation stage.

2. RESULTS AND DISCUSSION

2.1. Modification of the Carbon Support during Ni/C
Preparation. The morphology of the initial graphite surface is
shown in Figure 1a. A uniform mixture of Ni(acac)2 and graphite
was prepared in two ways: 1) treatment of the solid mixture by
ball milling and 2) impregnation of graphite by an aqueous
solution of Ni(acac)2 followed by solvent removal under reduced

pressure. Both methods yielded a uniform distribution of
Ni(acac)2 on the graphite surface.
A homogenized solid mixture of Ni(acac)2 and graphite was

treated by directed adsorption of microwave radiation. Under an
inert atmosphere of Ar or under vacuum conditions, the
treatment resulted in the formation of plenty of carbon
nanotubes with average diameters of 7−40 nm, lengths of
100−600 nm, and with the metal head located at the top position
(Figures 1b and 1c). In sharp contrast, in the presence of oxygen,
Ni particles formed patterns of pits and channels on their surface
and penetrated inside the carbon material (Figure 1d). FE-SEM
and EDX studies showed that microwave heating resulted
in decomposition of Ni(acac)2 via reduction by carbon, leading
to metallic Ni particles with sizes around 5−50 nm and
agglomerated particles up to 0.4 μm in size. The obtained
metal particles possessed magnetic properties, which confirmed
the formation of a metallic phase. It should be noted that the
properties of agglomerated metal particles may substantially
differ as compared to the initial state, thus having a noticeable
impact on their catalytic effect.5,15

Apparently, the microwave irradiation created eddy currents
on the surface of the formed nanoparticles,16 which heated the
particles, in a directed manner, to their melting temperature (also
confirmed by observed nanoparticles agglomeration process).
The melting process is also evident from the formation of
pits and trenches in an oxidizing atmosphere. Numerous studies
dealing with graphite dissolution into the molten metal particles
were reported in the literature.17 Thus, it is likely that the carbon

Figure 1. FE-SEM images of the studied Ni/C system: (a) - initial graphite system; (b) - after MW irradiation in vacuum conditions; (c) - after MW
irradiation under Ar atmosphere; and (d) - after MW irradiation in air.
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source for the growth of nanotubes in our experiment is a
graphite support dissolved in the metal particle. After diffusion of
carbon in the metal nanoparticles, further nanotubes growth
apparently occurs according to the mechanism widely discussed
in the literature.12,13

Based on a commonly accepted picture, it is possible that the
observed nanotubes are formed by the dissolution of carbon in
the metal particles, followed by a release of carbon after a
concentration limit is reached within the particle.13 This process
may take place in an inert atmosphere (under Ar or vacuum).
In the oxygen-containing atmosphere, the released carbon was

quickly oxidized to CO2. Thus, molten nickel particles etched the
surface of graphite to form trenches and recesses or penetrated it
to form pores (Figure 1d). The reaction in air can be simply
performed in an open reaction vessel. When the process was
carried out under inert atmosphere or vacuum, the carbon
released from the metal nanoparticles was not removed by
oxidation and was therefore available to form a carbon nanotube.
Nickel nanoparticles were located on the top of the nanotubes in
the obtained material, indicating that a tip-growth mechanism
was involved.
From a practical point of view, the process in vacuum is more

convenient than in Ar because, in the latter case, heating
generated a noticeable internal pressure inside the reaction
vessel.
Our results are in good agreement with reports in the literature

that microwave irradiation facilitates the formation of nanotubes
from Fe particles.18 Recently, experimental evidence of metal-
mediated etching of graphene and HOPG was also reported.19,17

2.2. Theoretical Study of Graphene to Carbon Nano-
tube Transformation. The observed mastering of the carbon
surface by metal particles is of particular importance, as it may
facilitate the direct transformation of graphene layers into carbon
nanotubes. This process may involve the initial formation of
a hole in the graphene layer (due to etching), followed by
nanotube growth directly on the top of the hole. Theoretical
calculations were used to analyze the key aspect related to growth
pathway and thermodynamics.
To estimate the thermodynamic parameters of direct

graphene-to-nanotube conversion via an etching/growth mech-
anism, we carried out a computational study of a graphene sheet
transformation into a model carbon nanotube with a diameter of
8.2 Å and (6,6) chirality (Figure 2a). Three different initial forms
of graphene were studied: a layer completely capped with
hydrogen atoms (C408H82), a partially capped layer (C408H58),
and a pure carbon layer (C408) as shown in Figure 2b.
Total energies were obtained by single point DFT calculations

using the B3LYP, M06, M06L, and ωB97X-D potentials and the
6-31G(d) basis set (Figure 2d). Full geometry optimization of all
structures was carried at the semiempirical PM6 level. Reliable
accuracy of this computational procedure for the studies of
carbon materials was confirmed previously.20

In the proposed model, the initial graphene sheet had a hole
“burned” in it by a heated metal nanoparticle as observed under
experimental conditions. The computational study showed that
nanotube construction should be possible using [6]-cyclo-
paraphenylene rings as building units (Figure 2a). Cyclo-
paraphenylenes are the smallest cyclic segments enabling the
armchair nanotube formation with (n,n) chirality.
First, we discuss the hydrogen-capped C408H82 model system

(reaction (1); Figures 2c and 2d). For the model system, we
assume that the process was accompanied by a release of

hydrogen molecules upon the formation of carbon−carbon
bonds during the nanotube growth.
A noticeable increase in the energy of the studied system was

calculated for the beginning step as a result of the addition of the
first cyclic segment to the edge of the hole (step I, Figure 2a).
This energy change was caused by an increase in the strain upon
the connection of a flat graphene sheet to a cylindrical tube
(along with the energetically unfavorable cyclization process
itself). Such a connection was provided by the formation of
seven-membered cycles alternating with six-membered rings at
the junction site of the tube and graphene sheet (Figure 2a and
the Supporting Information).
In the next growth steps, the formation of structures II−VIII

was accompanied by an approximately uniform increase in the
energy; an increase of approximately 100 kcal/mol per one
segment of the tube according to DFT calculations. Upon
continued nanotube growth, a certain slowdown in the increase
of the total energy of the system was calculated (steps VIII−X,
Figure 2a). The overall calculated endothermic effect of the
formation of nanotubes in this model was ∼1000 kcal/mol or
2.5 kcal/mol per one carbon atom.
To evaluate the performance of computational methods,

several density functionals were compared. It should be noted
that the results of the B3LYP, M06, M06L, and ωB97X-D
calculations were in excellent agreement with each other
(reaction (1), Figure 2d). Therefore, further calculations on
reactions (2) and (3) were carried out using the ωB97X-D
functional. It has been suggested that ωB97X-D may give a
slightly better performance for graphene systems because it
accounts for dispersion interactions.21

In the cases of C408H82 and C408H58 models hydrogen atoms
at the armchair-edges (left and right edges of graphene sheet
in Figure 2b) were moved at the new armchair-edges after
formation of each new segment of nanotube. This allowed to
minimize the energy changes due to the CH bonds dissociation
and to analyze the energy changes due to the formation of new
segments of the tube. Since several studies dedicated to the
structure of graphene edges in a vacuum and under hydro-
genation conditions have already been published,22 the
mechanism of the hydrogenation/dehydrogenation of graphene
edges was not addressed in the present article.
Formation of the (6,6) nanotube from the partially hydrogen-

capped C408H58 graphene sheet proceeded through similar
structural evolution with a stepwise energy change. However, the
overall reaction was highly exothermic and was accompanied by a
decrease in total energy of −600 kcal/mol or −1.5 kcal/mol per
one carbon atom (reaction (2); Figure 2d). The initial graphene
sheet (Figure 2b), the overall transformation (Figure 2c), the
energy surface (Figure 2d), and the structures for the stepwise
transformation (Figures S12 and S13 in the Supporting
Information) were elucidated for this process.
The exothermic effect was even more pronounced in the case

of the pure carbon C408 layer (reaction (3); Figure 2d), where
nanotube formation from the hydrogen-free graphene sheet was
accompanied by an overall energy decrease of−1890 kcal/mol or
−4.6 kcal/mol per one carbon atom.
The initial graphene sheet, the overall transformation, the

energy surface (Figures 2b, 2c, and 2d, respectively), and the
structures for the stepwise transformation (Figures S15 and S16
in the Supporting Information) were calculated for this process
as well.
For comparison, relative energy changes of +2.5, −1.5, and

−4.6 kcal/mol per carbon atom were calculated for reactions (1),
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(2), and (3), respectively (Figure 2). The origin of these
drastic energy changes becomes clear if we calculate the relative
stability of the initial graphene sheets (Figure 2b): 0, 2000, and

5200 kcal/mol for the C408H82, C408H58 + 12H2, and C408 + 41H2

systems, respectively. Thus, upon removal of its hydrogen caps,
the graphene layer becomes destabilized due to the introduction

Figure 2. (a) - Calculated structures in the stepwise transformation of a C408H82 graphene sheet to a (6,6) nanotube (selected structures are shown, see
the Supporting Information for complete details); (b) - molecular structures of the initial C408H82, C408H58, and C408 graphene sheets; (c) - overall
nanotube formation reactions for the C408H82, C408H58, and C408 graphene sheets; (d) - relative energies of reactions (1−3) calculated at the specified
DFT levels.
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of carbon atoms with unsaturated valency located at its edges.
Formation of carbon−carbon bonds during nanotube growth
gradually decreases the overall energy of the system and renders
the process exothermic. Note that in Figure 2d, all of the
reactions are shown as separate energy trends relative to their
respective initial graphene layers that were set to 0 kcal/mol. An
overall energy diagram with a common zero point was also
calculated and showed trends similar to those discussed above
(Figure S18, Supporting Information).
As shown in Figure 2d, the formation of nanotube is

energetically favorable for the C408H58 and C408 graphene sheets,
that is, for the sheets containing noncapped carbon atoms at the
edges. Thus, a possible driving force of the process in these cases
is related to energy gain due to decreasing the number of edge
carbon atoms and their binding to each other.
Thus, the chemical nature of the graphene edge is the key

parameter affecting the feasibility of the studied nanotube growth
process. The thermodynamic factor of nanotube formation from
a graphene sheet is strongly dependent on the state of the edge
of sheet, where nanotube formation from a nonhydrogenated
graphene sheet was found to be an energetically favorable pro-
cess, while capping the carbon perimeter decreased the
exothermic effect.
It should be noted that such nanotube formation may take

place in the oxygen-free environment under vacuum or in an Ar
atmosphere, where etching bymetal particles produces uncapped
carbon edges (in agreement with experiment). In the presence of
oxygen, carbon atoms on the edges were capped by the formation
of COgroups, which prevented formation of the nanotube and
directed the process to etching/pitting and elimination of CO2.
2.3. Side Processes during M/C Preparation. Metal

particles are expected to be bound to the surface of the carbon
support or more strongly bound to multiple carbon layers in
typical prepared M/C catalysts (Figures 3a and b). These are the
main processes taking place during supported catalyst preparation.
Indeed, our FE-SEM study of the Ni/C supported catalyst,

prepared under microwave irradiation, showed that the carbon
support was not inert and did not remain intact during the
treatment. Two types of side processes may take place during
catalyst preparation: (i) formation of pits or channels on the
surface and penetration of metal particles into the carbon
material in the presence of oxidizer (Figures 3c and d) and (ii)
nanotube growth in an oxygen-free atmosphere (Figures 3e and f).
To the best of our knowledge, such evolution of the carbon
support during catalyst preparation has not yet been considered
in detail.
Upon investigation, it was also found that the type of the metal

salt plays an important role in M/C system formation. When
NiCl2 rather than Ni(acac)2 was employed as the precursor
under vacuum or in Ar, carbon nanostructure formation was not
observed (conditions similar to those used for Figures 1b and 1c),
but doing so did cause pits and channels to form in the presence of
air (under conditions similar to those used for Figure 1d).
The results prompted us to study possible transformations of

the carbon support upon microwave treatment of M/C systems
made with different metal salts, as summarized in Table 1. All
studied systems showed noticeable modifications of the carbon
surface upon microwave irradiation in air. Indeed, pitting/
etching type modifications were observed for the Ni, Co, Cu, Ag,
and Pt salts studied (Table 1). This finding suggests that the
appearance of heated metal particles on the carbon surface
gradually facilitates the process.

Both pitting/etching in air and carbon nanotube growth under
vacuum were observed for Ni(acac)2, Ni(OAc)2, and Co(acac)2
metal precursors (entries 1, 2, 4; Table 1). In the case of the
experimental Ni/C system studied here, the tip-growth model
was predominant (Figure 3f and Figures 1b,c). In contrast, NiCl2
and CoCl2 did not mediate carbon nanotube growth. Neither
of the studied Cu, Ag, and Pt salts resulted in the nanotube

Figure 3. (a, b) − Deposition of a metal particle on the surface to
prepare a supported catalyst; (c, d) − burning channels and etching the
surface of carbon materials; (e, f) − base-growth and tip-growth
mechanisms for metal-mediated carbon nanotube formation.

Table 1. Transformations of Carbon Support upon
Microwave Irradiation in the Presence of Supported Metal
Particlesa

entry metal salt pitting/etching (in air) CNT growth (under vacuum)

1 Ni(acac)2 + +
2 Ni(OAc)2 + +
3 NiCl2 + -
4 Co(acac)2 + +
5 CoCl2 + -
6 Cu(acac)2 + -
7 Cu(OAc)2 + -
8 AgNO3 + -
9 PtCl4 + -

aPitting/etching under vacuum was not observed for the studied
systems.
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formation. Thus, pitting/etching is a general process for theM/C
systems, whereas nanotube growth is more specific and may be
expected in a fewer number of cases.
Under both types of conditions−in air and under vacuum−the

degree of carbon surface modification was dependent on the
irradiation time. Decreasing microwave treatment time to <1min
produced modifications at the trace level, whereas an irradiation
time of 15 min led to noticeable modifications of the carbon
support.
It should be pointed out that when heated by MW irradiation

under vacuum conditions, several metal salts, including NiCl2,
CoCl2, Cu(acac)2, Cu(OAc)2, AgNO3, and PtCl4 (entries 3,
5−9; Table 1), did not observably change the carbon support.
Neither pitting/etching nor nanotube growth were detected.
One of the key factors for the nanotube formation is the

absence of an oxidizing atmosphere. It is also obvious that
the nature of the metal affected growth of the nanotubes. We
observed the growth of nanotubes with nickel acetylacetonate
and nickel acetate, whereas the nanotubes growth did not occur
with the same copper salts. This may be due to the high affinity of
Co and Ni to carbon as compared with Cu and Ag23,12c and also
due to the high solubility of carbon in these metals.24 Another
important factor concerns the size of the metal particles, since
nanotubes growth did not occur on metal particles with the size
larger than 50 nm.
The nature of the metal salt also plays an important role in the

nanotube formation process. Reduction of the metal chlorides is
more difficult in comparison with the reduction of the acetates
and acetylacetonates. Most likely, it is a reason for the lack of
growth of nanotubes in the case Ni and Co chlorides.
To test the effect of the nature of the carbon material on the

growth of nanotubes, we carried out the experiments using
charcoal instead of graphite. In this case we have also observed
the formation of carbon nanotubes.
Pitting and etching processes are less sensitive to the metal

precursors and took place regardless of the metal source used. It
should be noted that the etching process occurred preferentially
on smooth surfaces of graphite sheets, where the metal particle is
free to slide along the graphene surface. On the contrary, pitting
process occurred more frequently on the defective surface,
such as on the side surfaces of graphite formed by the edges of
graphene sheets. The pitting process was also observed using
other carbon materials with porous structure such as charcoal.
Concerning the particles sizes, pitting was more typical for larger
metal particles, while etching was frequently observed for smaller
metal particles.

3. CONCLUSIONS
In summary, the often-assumed inert nature of carbon supports
cannot be taken for granted for all M/C catalysts. A variety of side
processes (nanotube growth, pitting, and etching) may take place
during the catalyst preparation depending on the conditions
used. The degree of carbon support modification can be reduced
by carrying out the catalyst preparation under vacuum and by
selecting an appropriate metal salt.
The present study has shown a strong correlation between the

processes taking place during the growth of ordered carbon
structures (graphene and nanotubes) and the processes involved
in the formation of metal catalysts on the carbon support. Thus, it
was important to consider the possibility of direct conversion of
graphene layers to a carbon nanotube via metal-mediated etching
and sequential attachment of cycloparaphenylene rings. The
theoretical estimation at the DFT level that was carried out in the

present study showed that, for an uncapped or partially capped
graphene layer, this process is feasible from a thermodynamic
point of view.
We anticipate that modification of the carbon support may

take place not only during catalyst preparation, as discussed
in this study, but also during the operation of metal/carbon
catalysts in the reactions. These processes may have a dramatic
effect on catalyst activity and stability, and, as such, the topic will
be further addressed in our ongoing research.
The aim of the present study was to address the noninnocent

nature of the carbon support and to describe possible trans-
formations of the M/C catalysts. An interesting opportunity
would be to use the observed side-reactions in order to modify
the catalyst and promote new catalytic activity. The present study
revealed a possibility to place metal particles inside the pits and
channels of the carbon support. This may help to stabilize
the catalyst particles and to form a kind of nanoreactors inside
the carbon materials (Figure 3). Important to point out, that
the catalyst particles as well as the channels and pits were made
simply by applying microwave irradiation. A challenging point in
this regard is to achieve the arrangement of uniform
nanostructures with a narrow particle size distribution.

4. EXPERIMENTAL PROCEDURE
4.1. General Methods and Materials. Commercial

Ni(acac)2 (Sigma-Aldrich; CAS number 3264-82-2) was dried
in vacuum before use (0.95 mbar, 80 °C, 2 h). The surface of the
carbon material used was represented with ensembles of
graphene layers within the structure of graphite (FE-SEM
characterization).
Microwave treatment was carried out using a Panasonic

2M210-M1 magnetron operating at a frequency of 2455 MHz.
For the homogenization of reaction mixtures, a ball mill treat-
ment was used (stainless steel reactor with two stainless balls; ball
diameter 10 mm, ball weight 4 g, reactor diameter 28 mm,
frequency 50 Hz).
FE-SEM measurements were performed using a Hitachi

SU8000 microscope. For FE-SEM measurements, the samples
were mounted on a 25 mm aluminum specimen stub and fixed
with a conductive silver paint. The FE-SEM images were pro-
cessed (the average diameter and length of carbon nanotubes and
sizes of graphite modifications were measured) using the Image
Tool software package.
Unless noted otherwise, experiments were conducted in

quartz round-bottom flasks.
4.2. Homogenization of Metal Salt/Carbon Material

Mixture. Ball milling: dried powders of graphite (50 mg) and
nickel salt (10 mg) were placed into the ball mill and treated for
90 min.
Impregnation: nickel salt (10 mg) was dissolved in water (8 mL),

followed by the addition of 50 mg of graphite. Dissolution and
stirring were promoted by sonication (10 min). After formation of
uniform suspension, water was removed under reduced pressure.
Similar procedures were applied for the other metal

precursors.
4.3. Typical M/C Preparation Procedure. A mixture of

Ni(acac)2 (10 mg) and graphite (50 mg) was placed into a quartz
round-bottom flask after homogenization. The flask remained
open for experiments performed under air. For vacuum
conditions, the flask was sealed by silicone septum and evacuated
to 0.5 mbar. For Ar conditions, the flask was purged with Ar for
5 min and then was sealed with a silicone septum. The reaction
mixture was treated by microwave irradiation for 5 to 30 min.
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A similar procedure was applied for the other metal precursors
and other carbon materials.
4.4. Theoretical Calculations. B3LYP,25 M06,26 M06L,27

and ωB97X-D28 calculations were performed with the 6-31G(d)
basis set.29 All DFT calculations were performed using the
Gaussian 0930 program package. A single point energy evaluation
was carried out for structures fully optimized by the PM631

semiempirical method implemented in the MOPAC 2012
program.32

To evaluate the performance of the utilized theory level,
calculations were carried out on the known transformation of a
plane C117 graphene sheet to C60 fullerene. At the B3LYP/
6-31G(d)//PM6 theory level (full optimization by the PM6
method and a subsequent single point total energy calculation at
the B3LYP/6-31G(d) level), the transformation was charac-
terized by an energy change of 0.268 eV/atom, while the value
reported in the literature was 0.261 eV/atom.33 Thus, the
geometrical parameters obtained by the PM6 method were
considered reliable for the evaluation of the total energy of
carbon nanostructures by density functional methods. An
extensive evaluation of the accuracy of DFT//PM6 calculations
for carbon materials was also reported earlier for other systems.20
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