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Carbon nanospheres with diameters between 100 and 400 nm have been successfully synthesized via
low-power laser-assisted pyrolysis of anthracene in a nitrogen atmosphere. The developed facile route
yields homogeneous nanoparticles and requires no supplementary carbon feedstock or catalyst. The
sharp thermal gradient afforded by the laser results in two kinds of carbon products that differ in
crystallinity and mean particle size. Our detailed findings point to the carbon nanospheres being
comprised of small-unclosed aromatic layers that are connected together by simple organic linkers. C-H
bonds in the anthracene molecules are partially broken by the laser beam energy, and as the newly
created large radicals aggregate, carbon nanospheres are formed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Carbon’s ability to hybridize as sp, sp? and sp? bonds results in
the formation of a variety of structures, such as fullerenes [1],
nanotubes and nanofibers [2], nanoonions [3], nanocapsules [4],
and carbon nanospheres (CNS) [5-7].

In comparison to the level of studies on fullerenes, nanotubes
or nanofibers, the reports on CNS are relatively few. Nonetheless
CNS are of considerable interest due to their intrinsic chemical
and physical properties. CNS are different to fullerenes or carbon
nanoonions, because they have unclosed graphene-like layers. The
semi-crystalline structure of CNS is reflected in their unique
properties: (i) low density, (ii) high porosity and surface area, and
(iii) relatively high chemical and thermal stability [8]. CNS have
many prospective applications, e.g. as catalysts supports [9],
lubricating agents [10], electrode materials [11,12], and in the
construction of advanced sensors [13,14]. Further, recent studies
have shown that CNS provide efficient storage of ethylene [15].

A variety of routes have been developed to synthesize CNS:
chemical vapor deposition (CVD) [16-18], pyrolysis of hydro-
carbons [5,8], decomposition of polymers [19,20], high-pressure-
induced reactions [6,21-23] or hydrothermal synthesis [7]. CNS
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have even been synthesized via the sonication of pyrolytic
graphite [24]. CNS have also been obtained by using more
sophisticated experimental systems, e.g. RF plasma enhanced
CVD or low-pressure deposition of gaseous carbon at
2800-2900K [25]. By far, most of these methods require a
catalyst, which results in unwanted by-products. This requires
purification making the process more complicated and costly.
Thus, there is a pressing need for the production of CNS via a
catalyst-free system. Moreover, the use of low cost and envir-
onmentally friendly starting materials, and a facile production
route are obviously attractive.

Laser-based methods have been widely used in the synthesis of
various nanocarbon materials, including nanotubes [26-29].
Recently, a novel laser-assisted route for the synthesis of carbon
nanotubes was shown. The technique was based on the decom-
position of organo-metallic compounds with a relatively low-
power continuous wave (CW) CO, laser beam [30]. The synthesis
occurs at much lower temperatures than with standard laser
ablation techniques.

In addition, high-energy pulsed laser pyrolysis of aliphatic and
aromatic hydrocarbons only yields amorphous carbon nanoparti-
cles and a variety of gaseous products [31-33]. CO, laser pyrolysis
of benzene catalyzed with Fe(CO)s resulted in carbon nanoparti-
cles and nanonions along with a few fullerenes, which
were predominantly Cgo [32]. In this contribution we detail a
synthesis route, which fulfils all of the above-discussed criteria for
catalyst-free CNS synthesis. In this newly developed route, a
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relatively low-power continuous CO, laser beam is used to
decompose anthracene in an N, atmosphere. Moreover, no
catalyst or supplementary hydrocarbon is required. The developed
novel and facile laser-induced pyrolysis route yields homogeneous
CNS. The resultant CNS have been characterized in detail using a
broad variety of techniques.

2. Experimental

The experimental set-up is illustrated in Fig. 1 (left panel). It
consists of a KF40 glass four-cross. On one port a ZnSe window is
attached. On the opposite port a purpose built adjustable target
holder is mounted. The other two ports provide adjustable gas
entry and exit ports. In these studies, N, was used as the gas
throughout with a flow rate of 0.41/min and pressure of 1 bar. The
targets were pressed in a 13 mm die and were typically 3 mm
thick. The target consisted of a mix of anthracene with pure
graphite (powder weight ratio = 7:3). The addition of graphite to
the matrix improves the laser coupling to the target and the heat
exchange between the anthracene crystallites to enable the
reaction to occur. Prior to the reaction, the chamber was
thoroughly flushed with N,, after which the flow rate was lowered
(0.41/min) and the laser was then fired onto the target. The laser
spot size is about 3 mm. The CO, continuous laser power was
maintained at 30 W. The temperature on the spot was between
1000 and 1300K. This is sufficient to decompose the anthracene
while not evaporating the graphite. The reaction times used varied
between 30 and 90s. The sharp thermal gradient on the target
from the laser irradiation resulted in two reaction zones:
(i) pyrolysis zone (its size being dictated by the laser beam spot
size) and (ii) sublimation zone (on the vicinity of the pyrolysis
zone). After the reaction, a dark central spot ca. 3 mm in diameter
with a raised rim is seen to have formed on the surface of the
target (hereafter referred to as the crown). The crown formation
on the target is illustrated in the right panel of Fig. 1. In addition,
some fine soot forms on the molybdenum target holder (hereafter
referred to as holder material). The total mass of the powders
collected from the crown and the holder was ca. 30-40 wt% of the
starting mass of the anthracene. The rest of the sublimed
anthracene and anthracene products were flushed away with
the buffer gas. The as-produced material morphology was studied
using scanning electron microscopy (SEM)—Leo 1530 and trans-
mission electron microscopy (TEM)—Tecnai F30. X-ray diffraction
(XRD) analysis was performed using a Siemens D500 analyser
(CuKo line). The products were also investigated via Fourier
transform Raman spectroscopy (Bruker IFS 100 equipped with a
1064 nm excitation laser) and FT-IR absorption spectroscopy with
a Bruker IFS113 Fourier transform spectrometer. To conduct
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optical absorption spectroscopy, the samples were prepared by
thoroughly dispersing the product in acetone in an ultrasonic bath
and then subsequently dropping the solution onto a heated KBr
single crystal giving a thin homogeneous film.

3. Results

Fig. 2 shows typical SEM images of the products collected from
the crown and holder. The crown products contain relatively large
spherical objects (microspheres) with the diameters between 1
and 2 pm. A few graphite crystallites were also present (see arrow
in Fig. 2A) and are remnants from the neutral graphite matrix that
are picked up in the collection process of the crown material.
Occasionally, smaller carbon nanoparticles with diameters below
200-300 nm were also found (marked by an arrow in Fig. 2B). The
products formed on the holder (Fig. 2C) were more homogeneous
(in size) and consisted only of CNS (100-400nm in diameter).
Further structural details were obtained from TEM investigations
(Fig. 3). The initial TEM studies suggested both the crown and
holder products consist entirely of solid carbon spheres. More
detailed studies (discussed below) show some anthracene to be
present in sample obtained from the holder. In addition, the TEM
studies occasionally showed carbon-onion like structures to be
present (arrowed in Fig. 3C). These structures can be considered as
giant-fullerenes (nested carbon cages are clearly seen). The EDX
studies (Fig. 3D) showed only carbon to be present (however, the
possibility of some hydrogen being incorporated in the CNS
cannot be excluded). There is also a very weak signal from oxygen
that can probably be attributed to moisture contamination. The
Au, Fe and Co signals in the spectrum arise from the TEM grid and
grid holder. In Fig. 3E, an HRTEM image of CNS collected from the
target holder is presented. In order to enhance the clarity of the
HRTEM image, a skeletisation procedure has been applied. This
numerical procedure is based on the digital filtering of user set
gray level thresholds. The technique helps highlight the structural
features of the CNS. The HRTEM images (e.g. Fig. 3E, F) point to the
spheres being comprised of small curved aromatic graphene-like
layers with lengths of a few nm. Some of these graphene units are
parallelly stacked (in the 002 direction). Disordered atomic
arrangement and disturbed lattice fringes are clearly seen. This
is obviously a consequence of the amorphous structure of the CNS.
The interspacing between the aromatic layers varies between 0.36
to 0.5nm. The smaller value is typical for sp?> hybridized carbon
nanostructures and is a slightly higher interlayer distance than
found in pyrolytic graphite. Unlike other carbon nanostructures
(e.g. nanotubes), we found the CNS to remain stable under
the TEM electron beam (300kV), even after extended exposure
periods. This suggests that the unclosed graphene layers (Fig. 3E)
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Fig. 1. Experimental set-up of the CO, laser-assisted pyrolysis reactor.
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Fig. 2. SEM images of the products collected from the crown (A,B) and holder (C).

are bound to each other via strong (covalent) bonds, rather than
weak van der Waals interactions.

Fig. 4A and C show the XRD diffraction patterns for both the
crown and holder products, respectively. Material from the crown
shows very strong diffraction peaks, which can be ascribed to
graphite. This is due to graphite from the neutral graphite matrix
(since the diffraction peaks of well-crystallized particles are much

stronger and narrower than that of the nanocrystalline phase, the
observed signal ratio in Fig. 4 does not provide any information on
the carbon spheres content). No graphite peaks are observed for
material from the holder, confirming the initial assertion that the
graphite peak for material from the crown arises from the matrix
graphite. Powder extracted from the holder, however, shows
strong peaks related to undecomposed anthracene. The presence
of only (00[) anthracene diffraction peaks indicates that the
crystallites are arranged in one crystallographic direction. This
might be due to adsorption of anthracene on the CNS surface.
Moreover, the possibility of non-covalent interactions between
graphene layers and anthracene molecules emphasize this
hypothesis. Previous studies have shown that anthracene adsorbs
on carbon nanotube surfaces [34]. Further, the XRD patterns show
a very broad peak around 25-26° for the products from both the
crown and holder. This peak is associated with the ordering of
graphene sheets in the 0 02 direction. Subtraction of the relatively
intense and sharp graphite and anthracene responses (Fig. 4B and
D) allows a more detailed analysis of the 002 diffraction peak.
Analysis of both the position and shape of the 002 peak allows
one to obtain average values for the interlayer distance (dggz), as
well as for L. in graphitic materials [34]. L. is the average size of
the graphene coherently diffracting domain (built from the
parallel and flat aromatic layers) in the 002 direction. Here, L.
was estimated by applying the William-Hall formula [35]:

B 09/
~ FWHM cos 0 — 4¢ sin 0

where, FWHM is the full-width at half-maximum of the diffrac-
tion peak 002, 4 is the wavelength of the X radiation, and ¢ is the
lattice strain. The lattice strain was calculated by the formula
¢ = |d—do/do|, where d and dy stand for the interlayer distance
(doo2) in the sample and graphite, respectively. The values of dgg;
were found to be 0.3561 and 0.3583 nm for the crown and holder
products, respectively. These values are higher than the interlayer
distance in HOPG pyrolotytic graphite (0.3354 nm). This increase
of dogz (in comparison to well-crystallized graphite) suggests a
high density of defects (vacancies, pentagons and heptagons
incorporated in the lattice) in the carbon spheres. The calculated
L. values were 0.98 and 0.69nm for the crown and holder
products, respectively. On the basis of the dyg, distance, one can
estimate the average size of the graphene domain in the carbon
spheres. The domains are built on 3 and 2 graphene layers for the
crown and holder samples, respectively. Both, the higher dggy
distances and very low L. indicate low structural ordering in the
obtained carbon spheres. This is in full agreement of the
amorphous structure of the CNS observed in the TEM studies. It
is worth noting that the crown products have a higher graphitiza-
tion degree than those from the holder. The reaction temperatures
at the crown are obviously higher than at the holder and a higher
temperature might enable higher graphitization degrees. How-
ever, none of these materials can be considered as crystalline
structures, per se.

Further details regarding the structure of the products were
obtained by Raman spectroscopy (Fig. 5). The spectra were
collected within the 1000 and 2000cm™! range, corresponding
to the wavenumber range that provides the most valuable data on
the structure of carbon materials. The spectra show two broad
Raman bands at around 1300 and 1585 cm™! [36]. The latter band
corresponds to the E,, mode (stretching vibrations) in the basal
plane of the crystalline graphite (G graphitic peak). The width of
the G band is related to the extent of disorder within the carbon
sp? plane graphene layer. The band located at 1300 cm™' (D band)
is associated with disorder; this forbidden mode becomes active
due to the lack of long-range order in amorphous and quasi-
crystalline forms of carbon materials (symmetry breaking). The
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Fig. 3. TEM images of the products collected from holder (A-C), corresponding EDX spectrum (D) and HRTEM images (E, F).

intensity of the D band can also be enhanced by the presence of
small graphitic domains (finite size effect), other imperfections
such as substituted N or B atoms, sp> carbon, and the effects of
finite particle size. Rather surprisingly the Raman spectrum does
not contain any signals that can be ascribed to anthracene which
the XRD data suggests should be present. Anthracene has a well-
defined Raman response, with peaks appearing at 1010, 1163,
1185, 1260, 1403, 1480 and 1557 cm~ . In this case the anthracene
signals in Raman spectrum are not seen because they can overlap
with very broad signals from CNS and so can be washed out. Finite
size effects can also wash out anthracene signals. Further, the lack
of an anthracene Raman response can also be due to anthracene
adsorption on CNS surface as suggested above. Previous studies
have shown that adsorption of polyaromatic hydrocarbons
(including anthracene) on single-walled carbon nanotubes

significantly alters their Raman response [37]. Further, these
studies showed that the adsorption of anthracene on the single-
walled carbon nanotubes increased the D band intensity and
broaded the G band.

In order to improve the accuracy of spectroscopic parameter
determinations, such as peak position, FWHM or band integral
intensity, a curve deconvolution procedure was performed (Fig. 5).
The G band is upshifted by 2-3 cm~! in both samples as compared
to that for HOPG (1582 cm™'). This is a consequence of a decrease
in the size of L, (L, is the diameter of the graphene basal plane)
[38]. Tuinstra and Koenig’s formula (L, = 4.35 - I5/Ip, where I and
Ip denote the integral intensities of the G and D bands,
respectively) allows one to estimate L,. However, in this case this
equation cannot be applied because the correlation factor of 4.35
is valid only for a 488 nm excitation laser. It has been reported
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Fig. 4. XRD diffraction patterns of the products collected from the crown (A) and holder (C). Images (B) and (D) present the enlarged (002) diffraction peaks for crown and

holder, respectively.

previously that the width of the G band is a convenient indicator
of the L, crystallite size [38]. In both cases (crown and holder
samples) the width of the G band is between 80 and 90cm™.
These values point to an L, size of between 2 and 3 nm. The
elucidated L, values correspond to the flat regions in the graphene
layers in CNS. This is in good agreement with our HRTEM studies,
which show that the size of the straight fringes do not exceed a
few nanometers (e.g. Fig. 3E and F).

In order to further characterize the obtained products, FT-IR
measurements were performed. Infrared spectroscopy is a
technique highly suited to study the linking between aromatic
graphene layers as well as moieties attached to the CNS surface.
Fig. 6 shows the FT-IR spectra after strapping the background. The
features localized below 1000cm~! in the crown and holder
products can be attributed to vibrations from hexagonal graphene
rings in the amorphous carbon lattice and C-H out of plane
deformation. Ferrari et al. [39] found similar bands in the IR
spectra of amorphous carbon nanoparticles. However, the vibra-
tions of small moieties that link unclosed graphene layers
(Fig. 3E,F) should be also considered in the analysis of the IR
spectra. The peaks in the crown product located between 1000
and 1600cm~! can be ascribed to the following modes: C-C
stretching and skeletal C=C streching. The peak at 1960 cm~! can
originate from the assymetric vibration of accumulated double
bond system (C=C=CH,). Moreover, the broad bands at 2600,
2860 and 2960 cm™! can be assigned to C-H stretching vibrations.

The variety of bands clearly indicates that hydrogen is bound to
sp?, sp? and aromatic carbon atoms. The IR spectrum from the
holder sample contains fewer absorption peaks. This points to a
simpler surface composition. The following bands are visible:
1223 and 1400 cm™! (C-C stretching and skeletal C=C streching),
1728 cm™! (C=0 stretching mode). Broad bands at 2600 and
2800cm™! are also observable and are assigned to C-H stretching
modes. The weak broad band at 3300 cm™', which appears in the
spectra from both the crown and holder samples, is due to O-H
stretching vibrations (probably moisture contamination via sur-
face adsorption). Obviously, the contribution of anthracene cannot
be overlooked in the spectrum of the holder product.

4. Discussion

The present work is the first report on the use of a low-power
(30W) CW (O, laser for synthesizing CNS via the direct
decomposition of anthracene. In this study, the addition of
graphite in the target matrix is required to improve the laser
beam coupling to the target to enable the direct decomposition of
the anthracene, viz, this laser power (30 W) is the lower limit for
such a reaction. There are few reports on the use of CO, laser
operating at higher power in the synthesis of carbon nanostruc-
tures. For example, Galvez et al. [33] investigated the synthesis
of carbon nanoparticles by laser decomposition of gaseous
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Fig. 6. FT-IR spectra of the products collected from the crown (A) and holder (B).

hydrocarbons as a function of power (ca. 300-800 W). The use of
higher powers caused a temperature increase in the pyrolysis
zone and enhanced the crystallinity of the as-formed carbon

nanoparticles. Choi et al. [29] irradiated the acetylene flame by
high power (up to 3000 W) and obtained well graphitized hollow
carbon nanoparticles (50-100 nm in diameter). Unlike our work
presented here where no gaseous feedstock is used, the above
cited works, all used a flowing gaseous feedstock. Thus it is hard
to directly compare our work with these. However, it is a
reasonable assumption that the use of higher laser powers for
anthracene pyrolysis would result in similar CNS but with higher
graphitisation degrees.

In our system, the significant differences in temperature
between where the laser couples to the target and outside this
region on the target holder (cooler) are reflected in the
morphology of the crown and holder products. At the center of
the target where the laser couples (where the temperature is at its
highest), simultaneous anthracene vaporization and decomposi-
tion occurs. The C-H bond (415 kJ/mol) is much weaker than the
C-C bond energy in aromatic rings (602 kJ/mol) [40]. Hence,
the laser irradiation preferentially breaks C-H bonds, leading to
the creation of large radicals. The C-C aromatic bond, however,
can also be broken and this leads to the formation of opened
radicals. The laser irradiation and intercollision between radicals
and excited molecules will create simple organic radicals: CHs,
C,Hs, H,C=CH as well as H or H,. These as-formed active species
reduce their potential energy via collisions with other radicals and
molecules. This will lead to aggregation such that bigger and
bigger clusters form eventually yielding the observed CNS. The
above considerations are consistent with previous theoretical and
experimental studies [41,42]. They showed that fullerenes and
fullerene-related particles are formed during collisions of poly-
cyclic aromatic hydrocarbon (PAH) substructures with smaller
and simpler hydrocarbons or radicals.

It is then worth asking, how are these small graphene layers
linked in the volume of the carbon spheres? As discussed above,
collisions of created radicals aggregate forming a bigger cluster.
FT-IR spectra indicate a variety of C-C bonds in the investigated
samples. Obviously, a fraction of them are localized on the carbon
spheres surfaces (and saturates dangling bonds with hydrogen,
C-H bands), however, the others will be incorporated within the
structure. The broken lattice fringes (unclosed aromatic graphene-
like layers) seen in the HRTEM images could be attributed to such
bridging links. The crown and holder products are comprised of
solid particles, which are insoluble in various solvents (acetone,
hexane, toluene, etc.), even under sonication. This implies that the
aromatic structure is not formed by aggregation caused by
physical (non-covalent) interactions but that the aromatic
graphene-like layers form a cross linked network in the obtained
CNS.

The crown product exhibits a higher graphitization degree than
those from the holder (L. values are higher). This increase of
crystallographic ordering for the crown microspheres results from
their exposure to higher temperatures (the laser irradiation).
Improved graphitization at higher temperatures is well documen-
ted for various nano-carbon materials [43-45].

The difference in the diameters of the two samples (crown and
holder) arises due to the difference in concentration of available
species (from the laser evaporation/decomposition). At the target
surface where the crown forms these species are very dense and
so agglomeration rates are relatively high leading to large
microspheres, whereas the density of active species in the
reaction chamber is reduced so that species that form in the
chamber volume and then collect on the holder must invariably
be smaller. A more homogeneous sample of smaller nanospheres
condenses on the holder, which can be also attributed to cooler
temperatures. The active transport of the carbon spheres from the
irradiation zone to the holder is caused by two factors: (i) thermal
diffusion and (ii) buffer gas flow. The presence of smaller spheres
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in crown product (arrow in Fig. 2A) suggests some kind of
backward flow rather than real cross-mixing of crown and holder
products. This formation mechanism in which graphitic platelets
add to the surface of a growing CNS can also explain why CNS can
be larger than primary soot particles, which are always between
10 and 50 nm regardless of fuel type [46]. It has been suggested
that primary soot particles grow from the center of the particle
and this explains their limited diameter [47]. Further, primary
soot particles are more fractal in nature [48] while CNS tend to be
relatively more ordered in that they are composed of platelets.

As the formed CNS are transported from the irradiation zone to
the holder they will also be in contact with the anthracene vapor
(sublimed from cooler regions of the target). The sublimed
anthracene can adsorb onto the CNS surface. This explains the
presence of anthracene in the holder product and is further
supported by the very recent reports in which various aromatic
hydrocarbons (e.g. benzene [49], naphthalene [50]) are shown to
adsorb on carbon materials directly from the gas phase.

Further, the dangling bonds on the surface and the edges of
carbon spheres will be saturated with hydrogen or simple organic
moieties (e.g. methyl or ethyl groups). The two peaks in the FT-IR
spectra related to C-H stretching modes indicate that hydrogen
saturate both aliphatic and aromatic surface carbon atoms. These
surface features can act as linkers to functionalize CNS with other
organic moieties in order to e.g. improve their dispersion stability
in organic or polar solvents. This provides them with application
potential for the synthesis of novel polymer-grafted carbon
nanomaterials.

Further, the presented synthesis method for carbon micro- and
nanospheres (from the crown and holder respectively) also
contains traces of graphite and antrahcene that can easily be
removed by facile purification procedures. Two simple routes to
remove anthracene from the holder product can be followed: (i)
dissolution by sonication or refluxing in a non-polar solvent (e.g.,
hexane, toluene) or (ii) thermal annealing at moderate tempera-
tures (300-400°C) [51]. Graphite from the crown sample can be
removed via a one-step sedimentation assisted route in which the
graphite particles sink while the carbon spheres remain sus-
pended in solution [52].

5. Conclusions

To conclude, we have developed a fast and efficient technique
to synthesize uniform CNS in bulk. The presented route does not
require a supplementary catalyst or hydrocarbon feedstock.
Moreover, a low-cost starting material (anthracene) was used.
Temperature differences and differences in concentrations of the
active species in the reaction chamber and at the target face lead
two product morphologies with differing size distributions and
crystallinity. Our detailed findings point to the CNS being
comprised of small-unclosed aromatic graphene-like layers which
are connected together with simple organic linkers. The results
suggest that laser beam partially breaks C-H bonds in anthracene
molecules, and as the created large radicals aggregate CNS are
formed. It is likely that CNS can be also obtained from other solid
aromatic hydrocarbons via this technique.
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