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Abstract

Carbon spheres with diameters between 400 and 2000 nm were synthesized in large quantities by catalytic chemical vapor
deposition (CCVD) method using Kaolin supported transition metal salts (M =Fe, Co, Ni, etc.) as catalysts. The reaction con-
ditions for the synthesis of carbon spheres in different sizes are described. The reactivity of the carbon spheres in various organic
solvents is discussed. The as-synthesized carbon spheres are composed of unclosed graphene layers with the interlayer distances
0.33-0.35 nm. These carbon spheres have been characterized by SEM, TEM, HRTEM, XRD, Raman, ESR and SQUID mag-

netization techniques. From the ESR and SQUID the metallic nature of the carbon spheres is described.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The ease of processing and forming of light materials
may be one of the main reasons for the rapidly growing
applications of carbon structures. Carbon nanomateri-
als may be useful material in spark gap and corona
eliminating terminations. These are desirable materials
where high current arcing is involved since they do not
melt or develop pits or projections, but tend to remain
smooth. Such lightweight structures with high strength
and stiffness are expected to find applications in both
spacecraft components and aircraft braking. The vari-
ous forms of carbon structures were well reviewed by
Harris [1] taking into account the research results re-
ported before. In brief, carbon onions were reported first
by Iijima in 1980 [2]. Fullerenes were also reported as a
product by vaporizing carbon from a rotating disk of
graphite using a focused laser in a helium flow in 1985
[3]. However, after Iijima reported the discovery of na-
notubes using a high-resolution transmission electron
microscope (HRTEM) [4] in 1991, a great deal of re-

*Corresponding author. Tel.: +886-2-23668287; fax: +886-2-
23620200.
E-mail address: nmra@po.iams.sinica.edu.tw (L.-P. Hwang).

0008-6223/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbon.2004.01.053

search was excited. After that, more and more forms of
carbon, such as fullerenes [5,6] C, family [7], carbon
nanotubes [8-11], carbon nanofibers [12,13], carbon
onions [14-19], carbon trees [20,21], carbon spheres [22—
27], ordered mesoporous carbons [28], carbon capsules
[29] and carbon nanowalls [30], have been synthesized
and studied by scientists around the world. Recently, a
very few papers on metal dispersed carbon spheres
synthesized using the chelate resins were also reported
[31-33].

Carbon spheres with different structure from the Cg
cage and carbon onions have unclosed graphene layers.
Compared to the studies of fullerenes, carbon nanotubes
and nanofibers, reports on the research of carbon
spheres are relatively few in number. Carbon spheres
have similar properties to graphite or fullerene, which
allows them to fabricate diamond films, lubricating
materials and special rubber additives. However, an
economic method of preparing large amount of carbon
spheres under reasonable experimental conditions is still
lacking to date.

Graphite, has a 3-fold coordinated sp? hybridization
forming strong intra-layers bonding within the hexago-
nal carbon-rings, and a weakly unsaturated m-bonding
with adjacent layers perpendicular to the hexagonal
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network, in contrast to diamond. Cg is considered to be
chemically inert because of the weakly unsaturated n-
bonding normal to the surface. Carbon spheres of mi-
crocrystalline graphite layers can be synthesized by
using transition and/or rare earth metal oxides as cata-
lysts with mixed valences at 1100 °C [34]. These spheres
have an average diameter of ~210 nm. Carbon spheres
with sizes of 1-10 um were found in carbon black gen-
erated from the carbonization of polyethylene—poly-
(vinyl chloride) in a sealed gold tube under a pressure of
30 MPa [35] and in carbon vapor from the decomposi-
tion of B-SiC powder [36]. Carbon spheres of 20-500 um
are found as a side product in the synthesis of fullerene
by the deposition of gaseous carbon in flowing helium
(33 mbar) at 2500-2600 °C without catalysis [37].
However, the cost of production in the synthetic meth-
ods mentioned above is high and limits production in
larger quantities. This has motivated many researchers
in carbon structures to try new synthetic methods that
allow synthesizing carbon spheres in large quantities at
lower costs and at relatively lower temperatures.

The synthesis reaction produces carbon spheres of
different sizes even at relatively low temperatures (~650
°C) by transition metal salts supported on Kaolin (hy-
drated aluminium silicate mineral) catalysts. In this
paper, we report the low cost synthesis of carbon nano-
spheres with detailed reaction conditions, such as reac-
tion times, reaction temperatures and gas flow rates. The
as-synthesized carbon spheres were also characterized
using different techniques to explore their origin, struc-
ture and different physical and chemical properties.

2. Experiments
2.1. Synthesis of carbon spheres

Transition metal salts (TM =Co, Ni, Fe) (Acros)
were dissolved in deionized water. Though, all these TM
supported catalysts were synthesized, in this paper we
report in detail the synthesis of carbon spheres using
cobalt supported Kaolin catalyst only. The Kaolin
(Acros) of the same weight as that of transition metal
salts was added to the above solution and stirred vig-
orously for about 10 min. A sample of Kaolin with the
size smaller than 100 mesh was used. The slurry was
coated on the surface of a Kaolin, or ceramic plate as a
thin film, and dried in air at about 60 °C. These thin
porous layers of catalyst plate are important in the
growth of carbon nanostructures. The catalyst plate was
placed on a ceramic boat with face down in the center of
a quartz tube in a column furnace. N, gas was fed into
the quartz tube at 100, 200 or 300 sccm while the furnace
was heating. When the temperature of the furnace sur-
passed 650 °C, C,H, gas was introduced into the reac-
tion chamber at a rate of 50 sccm. After reacting for

some time, C,H, was stopped and N, was flowed
through the reaction chamber until the temperature of
the furnace was lower than 250 °C. Carbon spheres were
collected from the ceramic boat beneath the catalyst
plate. The same procedure can be adapted to other
transition metal catalysts also.

2.2. Characterization of carbon spheres

TEM images of the samples were performed using a
JEOL JSM-1200 EX II Transmission Electron Micro-
scope. The reacted catalyst was ground and dispersed in
95% ethanol. The collected carbon spheres were dis-
persed in 95% ethanol directly. After being sonicated for
more than half an hour, the samples were dropped onto
a grid and dried for TEM investigation. SEM images of
the carbon spheres were obtained with a VG microlab
350 System. The Auger electron spectrum of the spheres
was obtained with the VG microlab 350 System and an
elemental analysis of the spheres was conducted in a
Philips XL-30 SEM equipped with EDS. The micro-
structure of the carbon spheres was studied by using a
JEOL JEM-4000EX High Resolution Transmission
Electron Microscope (HRTEM). Samples were analyzed
by X-ray powder diffraction before and after reaction.
This test was carried out with a Rigaku D/MAX IIB
X-ray diffractometer. The Raman data of the as-syn-
thesized carbon spheres were recorded on a Jobin Yvon
T64000 Spectrometer equipped with a charge coupled
device (CCD) detector cooled with liquid nitrogen. The
backscattering signal was collected with a microscope
using an Ar™ laser centered at 488 nm as the excitation
source. All the spectra were obtained at room temper-
ature. The ESR spectra of carbon spheres have been
recorded on a JEOL FE 1X ESR spectrometer operating
at X-band microwave frequency (=9.201 GHz) with a
100 kHz field modulation. The magnetization studies
were carried out at three different temperatures, 5, 100
and 300 K using SQUID (Quantum Design MP MS7).

2.3. Stability test for the carbon spheres

The carbon spheres were dropped in HF (48%,
Riedel-deHaén) and stirred for more than 48 h. After
filtering and washing with deionized water, the sample
was investigated using TEM. One hundred milligrams of
the material of the carbon spheres were added to 0.003
mmol KMnO, in 50 ml of 0.5 M sulfuric acid. After
stirring vigorously for 2 h at 80 °C, the solid obtained by
filtering and washing with deionized water was exam-
ined by TEM. About 200 mg of as-synthesized carbon
spheres were dispersed in 20 ml of carbon disulfide
(Riedel-deHaén), 1-methylnaphthalene (Acros, 97%) or
1,2-dichlorobenzene (Acros, 99%), respectively. These
mixtures were sonicated for more than 1 h. After being
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filtered, the solutions were dropped on a grid and dried
for the TEM test.

3. Results
3.1. Synthesis and characterization of pure carbon spheres

Kaolin plate of approximately 4 cmx2.5 cm size was
coated with 0.2 g of Co/Kaolin to form a porous thin
film on the surface of the plate and dried at 60 °C. C,H,
and N, gases were flown through the Kaolin plate at
650-900 °C for 1 h at 50 and 200 sccm, respectively. N,
gas was kept flowing until the temperature of the fur-
nace was lower than 250 °C. About 0.3 g of pure carbon
spheres could be collected from the 20 cm long ceramic
boat. So the yield is about 1.5 times that of the catalyst
used even at mild temperature ranges (650-700 °C). The
catalyst still has catalytic activity and can be reused
several times after being retreated at temperatures
slightly above 700 °C in air for 10 min.

SEM and TEM images of the collected products
show mono-dispersed carbon spheres without impuri-
ties. These carbon spheres have diameters of 400-2000
nm. More than 80% of the carbon spheres were found to
have the sizes of 600-800 nm. Carbon spheres with
uniform sizes can be collected from different parts of the
collecting boat. Fig. la—c¢ show the TEM and SEM
images of as-synthesized carbon spheres. Fig. 1d shows
the TEM image of the reacted catalyst. Initially, some
carbon nanotubes will be formed within first half-an-
hour of the reaction over the catalyst template. As seen

from Fig. 1d, some carbon spheres mingle with carbon
nanotubes in the reacted catalyst. However, no carbon
nanotubes were found in the collected carbon spheres.
Only carbon spheres were deposited on the collecting
boat, which placed at the down stream of the catalyst
plate. HRTEM images (Fig. 2) show that the solid
carbon spheres are composed of uniform unclosed
graphene layers with open edges. The distances between
graphene layers are about 0.33-0.35 nm, which is similar
to the distance between crystal layers of graphite. The
collected spheres were analyzed by Auger electron
spectroscopy and energy dispersive X-ray spectroscopy.
The results indicate that the constituent of the spheres is
only carbon and no other elements are found.

XRD patterns of the Kaolin supported catalyst (be-
fore and after reaction) and the carbon spheres are
shown in Fig. 3. The XRD pattern of Kaolin confirms
that it includes several phases. One of them is halloysite.
‘H’ in the XRD pattern of Kaolin refers to the charac-
teristic peaks of halloysite. Kaolin was added to Co**
salt solution and dried in air at 60 °C to form the cat-
alyst. The XRD pattern of the catalyst before reaction
shows some characteristic peaks of Kaolin. When the
XRD pattern of the cobalt impregnated catalyst is
compared with the Kaolin, one can easily identify the
peaks corresponding to cobalt in the catalyst before
reaction. After reaction, the XRD pattern of the ground
powder specimen of the catalyst exhibits some weak
characteristic peaks of Co. The most prominent peaks in
this pattern (reacted catalyst) suggest that the dominant
phase of the hexagonal structure of graphite belongs to
the carbon nanotubes. In the XRD pattern of collected

Fig. 1. Electron microscopic images of the products synthesized by Co/Kaolin. (a) SEM image of the collected carbon spheres, (b) and (c) TEM

images of the carbon spheres, (d) TEM image of the reacted catalyst.
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Fig. 2. HRTEM images of a carbon sphere.

14000 (002
12000 * (100 Carbon spheres
(002) (100)

10000 o (101) . Catalyst (after reaction)
> ; A b Ao
‘w8000 N | A * Catalyst (before reaction)
c -

2
€ 6000
4000
H H Kaolin
2000 B H H
T T T T T T
20 30 40 50 60 70

20

Fig. 3. XRD patterns of the samples where H represents halloysite and
asterisk “x” denotes Co.

carbon spheres, the (002) and (100) peaks are broad-
ened. This peak broadening suggests the possible pres-
ence of an amorphous carbon phase within the carbon
spheres. HRTEM images reveal that the product con-
tains well-formed carbon spheres. TEM and SEM
investigations confirm the absence of the carbon na-
notubes in the collected carbon sphere samples.

Raman spectra of carbon spheres with different
diameters (1 um and 500 nm) at ambient temperature
and pressure are shown in Fig. 4. The excitation wave-
length for the Art laser-Raman spectrum is 488 nm.
Prominent peaks in the Raman spectra at ~1590 and
~1360 ecm™! correspond to the Ey(2) (G band) and
disorder-induced (D band) modes of graphite, respec-
tively, where the latter has much wider bandwidth in the
present observation. For the carbon spheres of ~1 pm,
the D mode and G band are 1357 and 1591 cm™!; when
the diameter of the carbon sphere reduces to ~500 nm,
both of them shift slightly towards the blue side to 1358
and 1587 cm™!, respectively. In a previous study on the
carbon spheres of ~200 pm, Loa et al. [37] observed a
disorder-induced D’ mode at 1622 cm™! in the Raman
spectrum. In the present work, the D’ mode, however, is
not discerned from the peak of the G band.
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Fig. 4. Raman spectra of as-synthesized carbon spheres: (a) ~500 nm
and (b) ~1 pm.

Broad bands at 2700-3200 cm~' have been observed
in the Raman spectra of both samples. Three bands at
2674 (2752), 2914 (2944), and 3181 (3190) cm™! for
carbon spheres of 1 um (500 nm) are obtained after
spectral deconvolution (Fig. 4). The bands at 2674
(2752) and 3181 (3190) cm~! can be attributed, respec-
tively, to the second-order D(2xD) and G(2xQG)
modes. The band at 2914 (2944) cm™' is due to the
combination mode of D and G bands. The spectral
intensities of the 2xD bands are much weaker than
those of D bands for carbon spheres of 1 pm and 500 nm
in the present observation, in contrast to previous
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reports on carbon spheres of size ~200 um [37]. For
carbon spheres of 500 nm, we have observed a weak
signal at 103 cm~' (Fig. 4b), which compares to the
Bi,(1) mode of 119 cm™" in the Raman spectrum of 200
um carbon spheres observed by Loa et al. [37]. The
B,(1) phonon of graphite, corresponding to a rigid
displacement of the graphene sheets perpendicular to the
layers, was reported as 126 cm™' [38,39]. In view of the
trend that a softer Bj4(1) phonon motion corresponds to
larger curvature of the carbon spheres, the “breathing”
vibrational frequency of the carbon spheres is expected
to be lower in a smaller sphere.

3.2. Reaction conditions

3.2.1. Reaction temperatures and reaction times which
control the size of carbon spheres

N, and C,H, were flowed at 200 and 50 sccm for 1
hour with varying temperatures. The yields of the col-
lected carbon spheres in the boat at 650, 700, 750, 800,
850, 900 and 950 °C are about 0.3, 0.38, 0.58, 0.6, 0.65,
0.68 and 0.70 g, for about 0.2 g of the Co**/Kaolin
catalyst. Less carbon spheres are formed at temperatures
lower than 700 °C. At temperature higher than 900 °C,
the highest yield of the carbon spheres was found.
However, after the reaction at or above 900 °C, the
catalyst is easy to sinter, making the repeated use of the
catalyst impossible. Therefore, a temperature between
750 and 850 °C is suitable for the reaction in order to use
the catalyst repeatedly. Reaction temperature, however,
hardly affects the sizes of the as-synthesized carbon
spheres. Carbon spheres with dimensions of 400-2000
nm can be obtained in the temperature region 650-850
°C, where most of the carbon spheres have the diameters
in the range 600-800 nm.

The carbon spheres and catalyst were first examined
at 700 °C at 5, 10, 15, 20, 25 and 30 min and then at 1, 2,
3 and 4 h of reaction. No carbon spheres could be found
in the collecting boat for a reaction time less than 15
min. More mono-dispersed carbon spheres can be ob-

tained in the collecting boat, when the reaction time is
longer than 15 min. The largest quantity of pure carbon
spheres were collected after 1-2 h of reaction. From
these observations, it is confirmed that the longer reac-
tion times are better for higher production and the
products at the same time are easy to agglomerate into
bigger particles. The carbon spheres obtained at suitable
reaction times will have the property of soft and light,
cotton like material. These particles become harder and
harder with extending reaction times. At prolonged
reaction times, the product forms as hard sand like
layers and the mass of the particles becomes brittle,
because they are cemented together due to high tem-
perature annecaling. At the end, it is very difficult to
separate these hard particles even by grinding or soni-
cation.

During the first 15 min of the reaction, carbon na-
notubes and quasi-spherical carbon shells surrounding
the metal-containing particles were found. Particles
embedded in the carbon shells were smaller and smaller
after reacting 5-15 min. Electron diffraction patterns
were obtained for the quasi-spherical carbon shells
including the metal-containing particles and the pure
carbon spheres. The carbon sphere was amorphous
without any crystallized particles in it as seen in Fig. 5a
and b at the initial stages of the reactions.

3.2.2. Flow rates of the gases

Distribution of the collected carbon spheres depends
on the gas flow rates. We have introduced N, at 100, 200
and 300 sccm into the reaction systems. Carbon spheres
with uniform sizes can be collected every 1-2 ¢cm in the
ceramic boat while the N, gas flow is at 200 sccm (see
Fig. 6a). However, the carbon spheres could not be
separated from the other spheres even at 100 sccm of N,
flow. Various sizes of carbon spheres are mixed up as
shown in Fig. 6b. If the flow rate of N, is 300 sccm, most
of the carbon spheres are blown away from the boat and
even out of the quartz tube furnace. The flow rate of

Fig. 5. TEM images and electron diffraction patterns of the catalyst and the carbon sphere after reaction for 10 and 25 min: (a) the catalyst after 15

min reaction, (b) pure carbon spheres collected after 25 min reaction.



818

J.-Y. Miao et al. | Carbon 42 (2004) 813-822

o] ¥

Fig. 6. TEM images of the carbon spheres separated by N, at 200 and 100 sccm: (a) 200 sccm, (b) 100 sccm.

C,H, has less effect on the separation of the carbon
spheres.

Yields of the carbon spheres increase with increasing
flow rates of C,H, gas. C,H, was used at 50 sccm in this
reaction. Higher flow rate of C,H, was not used in this
reaction for the reasons of safety and to avoid the sat-
uration of the C,H, gas in the reaction. In practice, N,
and C,H, at 200 and 50 sccm, respectively, are better for
synthesizing and separating the carbon spheres. Further
more, the flow of C,H, cannot separate the spherical
products. We advise avoiding higher flow rates of C,H,
to avoid experimental hazards.

A

a
H
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’
500nm

3.3. Reactivity of carbon spheres

The as-synthesized carbon spheres are inert to HF
(48%). Fig. 7a shows the carbon spheres remaining after
dipping them in HF for more than 48 h. This indicates
that the carbon spheres are not destroyed and their
structure is unaffected. The carbon spheres can be oxi-
dized easily by KMnO, (H™) solution. Fig. 7b shows a
TEM image of the “partially-oxidized”” carbon spheres
by the KMnO, (H"). Surfaces of the carbon spheres
were broken into pieces by KMnO, (H") solution at 80
°C, and the whole solid carbon sphere changed to a

Sﬂ_ﬂnm

Fig. 7. TEM images of the carbon spheres treated by different chemicals: (a) carbon spheres in HF (48%) solution for 48 h at 25 °C, (b) carbon
spheres in KMnO, (H") solution for 2 h at 80 °C, (c) in CS, for 10 h and (d) in 1-methyl-naphthalene for 10 h.
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loosely structured carbon that we call “carbon flowers”.
Hence, KMnO, cannot be used as a solvent medium for
carbon spheres.

The as-synthesized carbon spheres of 200 mg were
dispersed in 20 ml of carbon disulfide, 1-methylnaph-
thalene and 1,2-dichlorobenzene, respectively. These
mixtures were sonicated for more than 10 h and then
filtered. The filtered organic solutions were dropped
onto the copper grids and dried for TEM test. TEM
images show that the carbon spheres under suspension
not destroyed in the above organic solvents (see Fig. 7c
and d). The solubility of the carbon spheres in carbon
disulfide is lower than the other two solvents. This
investigation can be used to explore the properties of the
carbon spheres in organic solvents.

However, the well-defined structures of these carbon
spheres cannot be compared with carbon black particles
as reviewed by Harris [1], since our materials do not
resemble the carbon black, as evidenced from the SEM
and TEM images. The carbon black particles have fac-
eted structures and do not have the exact quasi-spherical
or spherical structures. We did not observe the oxidation
effect in our carbon spheres before and after purification
of the samples as revealed by ESR spectra, which will be
discussed below.

3.4. ESR and magnetic properties

The ESR spectrum of carbon spheres synthesized in
this process shows a Dysonian behavior. Fig. 8 displays
the ESR spectrum recorded for 600 nm diameter carbon
spheres with g = 2.00 and a linewidth of 1.85 G with
Dysonian line shape indicating the metallic character-
istic of carbon nanospheres. The ESR spectra of the
catalyst showed resonances corresponding to the Co**
ions (not shown) whereas that of the reacted catalyst
shows no such signals. The diffuse reflectance measure-

Magnetic Field (G)

Fig. 8. ESR spectrum of carbon spheres of 600 nm diameter at room
temperature. The central magnetic field is 3300 G.
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Fig. 9. Magnetization curves of carbon spheres at different tempera-
tures.

ments of the catalyst also showed similar characteristic
features for both reacted and unreacted catalysts indi-
cating the complete reduction of cobalt ions into cobalt
particles.

The ESR spectra of carbon spheres before and after
purification were studied systematically at room tem-
perature. The purification of the carbon spheres was
done by immersing and stirring the product in hydro-
fluoric acid for several hours to remove impurities, if
any. The purification makes no difference in their ESR
spectral behavior. The ESR spectrum displayed in Fig.
8, indicates clearly the Dysonian behavior (4/B = 3.76)
characteristic of conduction electrons. Magnetic hys-
teresis studies using SQUID have also been performed
at three different temperatures as shown in Fig. 9. The
curves obtained for the spheres (Fig. 9) at 5 and 100 K
show no deviation in the magnetization behavior with
temperature; whereas a little deviation can be seen in the
magnetization curve for 300 K. Magnetic parameters
have been calculated for the hysteresis loop at 300 K.

The ESR results in conjunction with the magnetiza-
tion measurements can be understood on the basis of the
conduction electrons in the graphitic carbon systems. As
the magnetic properties do not change appreciably with
sphere size, we performed the SQUID magnetometer
measurements for spheres with 600 nm (Cok4) diameter
only. The observed hysteresis loop indicates clearly the
non-diamagnetic nature of the carbon spheres.

4. Discussion

The present work is the first report on the use of
Kaolin as a template for synthesizing carbon spheres
with impregnated transition metal (TM) salt (TM = Fe,
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Co and Ni) as catalysts. Large quantities of carbon
spheres can be produced with these catalysts at tem-
perature much lower than those described earlier [33—
36]. There are five principal species within the Kaolin
group, namely, kaolinite, dickite, nacrite, halloysite and
metahalloysite [39-41]. As the minerals in the Kaolin
group are characterized by a 1:1 tetrahedral:octahedral
structure, the halloysite accommodates a mismatch in
size between the tetrahedral and octahedral layers by
curling with the smaller layer to the inside of the curve.
Adjacent layers of Kaolin are separated by a monolayer
of water molecules. Consequently, bonding must involve
the water molecules between the layers. Since the lack of
strong interlayer bonding will not force the sheets into
planar stacking, a tubular or spherical structure may
form with random stacking and orientation of the lay-
ers. In halloysite, this size mismatch and the weak in-
terlayer bonding causes the layer structure to bend.
Upon drying, water between the layers of the halloysite
is lost, and the curved structure remains unchanged
possessing the required porosity. However, the metal
ions may be held in the apertures of the tubular or
spherical structure of the halloysite.

In the present work, the Co/Kaolin catalyzes the
synthesis of carbon spheres with the apertures of Kaolin
as a porous template. C,H, was activated by metallic
particles and reduced initially to become amorphous
carbon. Later, the metal-containing particles embedded
in quasi-spherical carbon shells were formed. With
increasing reaction times, they melt step by step at rel-
atively higher temperatures and the particles present at
the center of the carbon shells become smaller. Such
smaller metal containing particles appear in the gra-
phitic layers and can penetrate through the carbon
onions [42]. The unclosed graphene layers with open
edges in the carbon spheres make the migration of for-
eign atoms easier than the closed graphitic ones in car-
bon onions. As the reaction continues, the entire
particles may penetrate through the carbon shells leav-
ing pure carbon spheres.

Carbon spheres will be formed from the quasi-
spherical carbon shells by eliminating dangling bonds on
the surface of the carbon globules reducing the surface
tension. The carbon spheres formed on the surface of
the catalyst plate are blown away from the catalyst plate
based on their weight fractions by the carrier gas flow.
Pure carbon spheres can be obtained from the collecting
boat beneath the down stream of catalyst plate. The
observed distances between unclosed graphene layers as
revealed by HRTEM (0.33-0.35 nm) indicate the gra-
phitic nature of as-synthesized carbon spheres. The
carbon spheres are inert to chemicals, such as HF (48%).
The interaction of Pt, CdS and WO; with carbon
spheres has been reported [43]. The open edges of the
unclosed graphitic layers are expected to play a key role
in their microstructures. The activity of the carbon

spheres can be explained due to the eliminating edge
sites in the graphitic structure of the spheres. Because of
the dangling bonds at the surface of the carbon spheres,
a chemical reaction is possible at the open edges of the
graphitic layers.

The carbon spheres can be dissolved in carbon
disulfide, 1-methylnaphthalene and 1,2-dichloroben-
zene, in all of which fullerenes are also soluble. The
solubility of fullerene at room temperature in carbon
disulfide, 1-methylnaphthalene and 1,2-dichlorobenzene
are 6.5, 27 and 33 mg/ml, respectively [44]. The solubility
of as-synthesized carbon spheres in the organic solvents,
however, is much lower than that of the fullerenes. The
solution containing the carbon spheres dissolved in these
organic solvents can be used to investigate the different
properties of carbon spheres in organic solvents.

The ESR spectra of carbon spheres recorded at room
temperature show a narrow Dysonian signal with
characteristic A/B =3.76 at g = 2.00 with linewidths,
1 <AH,, <2.0 G. This line can be attributed to the
metallic nature of carbon nanospheres. It is comparable
with the graphitic carbon structures reported elsewhere
[45-47]. Further, the linewidth and g-value are very
close to the free ion value (g. = 2.0023) and indicates
that this signal may also contains contribution from m-
type defects in sp? clusters to a small extent. If this is the
case, one can also expect a variation in linewidth with
particle size and size distribution. The ESR spectra were
also recorded for spheres of different sizes at room
temperature. The ESR linewidth of the carbon spheres
ranges from 1.1 to 2.0 G with decreasing sphere sizes.
The carbon spheres denoted by Cok3 (500 nm) have a
linewidth of 2.0 G and those denoted by Cok6 (1 pum)
have a linewidth of 1.1 G. These results are in good
agreement with the carbon nanostructures reported
elsewhere [46,47]. The smaller linewidths with the in-
crease in sphere size can be attributed to the fact that the
increased cluster sizes lead to electron delocalization and
hence a stronger wave function overlap and line nar-
rowing [48-50]. However, the ESR linewidths compare
well with Cg molecules [S1]. The observation that the
linewidth of the carbon spheres is not different than that
of purified spheres clearly indicates that the spin centers
in these carbon spheres are inaccessible to oxidation
[46,47)].

The SQUID magnetization measurements were made
on the carbon spheres at three temperatures 5, 100 and
300 K. As shown in Fig. 9, the variation observed in the
magnetization behavior of these carbon spheres with
temperatures in the range 100-300 K, can be attributed
to the conduction electron mobility. From the observed
hysteresis loop, the magnetization parameters like rem-
anent magnetization, coercive field and susceptibilities
have been evaluated. The remanent magnetization and
the coercive field obtained from the room temperature
(300 K) curve are 0.002 emu and 500 G respectively. The
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initial susceptibility ¥, is found to be 2.4x 107¢ emu/G
and the value of saturation susceptibility is 3.2x107°
emu/G. The saturation magnetization observed is al-
most independent of temperature. The order of the
susceptibility (107%) obtained in the present work clearly
indicates Pauli type (107%) with dominant Curie (107%)
spin behavior. So, the susceptibility values obtained in
the present work are due to the averaging of both Pauli
and Curie susceptibilities and are in good agreement
with the values reported elsewhere [47] for carbon
nanostructures. These characteristic features of carbon
spheres, confirm the ferromagnetic nature and supports
the fact that, these materials can be utilized as substi-
tutes in magnetic device applications and also as mag-
netic materials in ferromagnetic applications [32], where
inorganic materials are expected to be highly reactive at
high temperatures or at high arcing currents.

5. Conclusions

In conclusion, carbon spheres with diameters in the
range 400-2000 nm are synthesized by CCVD in large
quantities using Kaolin supported cobalt catalysts for
the first time. We performed similar experiments suc-
cessfully using Ni and Fe. Using this technique, one can
optimize the size of the carbon spheres with the condi-
tions of our report and with high yields produced within
the temperature range 750-850 °C. The Dysonian shape
of ESR spectra indicates metallic nature for the carbon
nanostructure. ESR and SQUID measurements indicate
the existence of significant magnetization and indicate
the possibility of using these materials for commercial
magnetic applications. The highly inert and lightweight
mechanical properties of these spheres gives hope that
they may be promising as lightweight materials for
spacecraft applications.
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