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Abstract

Shell shaped carbon nanoparticles were synthesized from acetylene flow injected inside an oxygen-hydrogen diffu-
sion flame when itwas irradiated with a focused beam of a CW CO, laser above a certain laser power and at a certain

position [1].

In the present study, the evolution of carbon nanoparticles generated under laser irradiation has been

investigated together with a study on the visualization of particle generating flames. The size distributions of carbon
shell nanoparticles and soots have been determined by examining the images of TEM grid on which particles were
captured by local thermophoretic sampling. The variations of radii of gyration and fractal dimensions of soot and shell
shaped particulate aggregates are obtained at different laser powers.
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1. Introduction

Since carbon nanomaterials such as carbon nano-
tubes [2], carbon onions [3] and fullerene-related
nanoforms were synthesized, carbon nanomaterials
have become a center of interest for nanotechnology.
Many researchers think of the unique properties of
carbon nanotubes having concentric shells of gra-
phene layers in a cylindrical form that may be utilized
for future applications such as Li ion batteries [4], gas
storage media, cold electron field emitters [5], etc.
Carbon nanomaterials such as fullerenes and carbon
nanotubes are also considered to be promising mate-
rials as electrochemical mediators and enzyme stabi-
lizers [6].

Because of the existence of bent graphene layers in
these carbon nanomaterials, they have their own
unique properties. As it has been shown in our recent
papers [7, 8], it would be this alternation of metallic
and semiconducting regions within curved layers of

*Conesponding author. Tel.: +82 2 880 7128, Fax.: +82 2 878 2465
E-mail address: mchoi@snu.ac.kr
DOI 10.1007/s12206-007-1016-7

nanocarbons that provides a low voltage threshold
and high emission current for cold electron field
emission from nanostructured carbon materials.
Therefore, there is a strong need to find an industri-
ally attractive pathway to synthesize nanocarbons
having varying curvatures and, moreover, to investi-
gate their properties in many aspects such as electrical
and mechanical ones. Previously, we developed a
method synthesizing shell shaped carbon nanoparti-
cles (SCNPs) having curved graphene layers in a
spherical form at large scale [1, 9]. In the method, an
assistant oxy-hydrogen diffusion flame was utilized
for preheating acetylene which undergoes CW CO,
laser irradiation. We showed that laser irradiated
acetylene flow could generate well crystallized shell
shaped carbon nanoparticles above a certain laser
power and at a certain position. In the present study,
we carry out a study on the detailed evolution of car-
bon nanoparticles generated under laser irradiation
together with a study of visualization of particle gen-
erating flames. The variations of radii of gyration and
fractal dimensions of carbon nanoparticles are re-
ported at different laser powers.
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2. Experimental

Fig. 1 shows our experimental setup. The multi an-
nular nozzles in our co-flow burner were fed with
C,H,as a central gas flow, N, as an inner shield gas,
H,and O,, as an outer oxy-hydrogen diffusion flame
cone, and air for outer stabilization, respectively. It is
noted that in the present study, C,H, is not the fuel for
flame but the chemical precursor for carbon nanopar-
ticles. All flow rates of gases were controlled with
mass flow controllers (MKS, 1179A). The flow rates
are 1 Ipm for hydrogen, 0.5 Ipm for oxygen, 0.35 Ipm
for nitrogen as an inner shield, and 0.1 lpm for acety-
lene. Acetylene, injected into H)-O, flame, was then
irradiated with a CW CO, laser (Bystronic, BTL
2800). Power levels were changed up to 2500W in
this experiment and beam diameter at the flame was
adjusted to be 3mm by ZnSe lens (focal length
150mm). Laser irradiation in a particle generating
flame was previously utilized to control the size,
morphology, and crystalline phase of silica [10] and
titania nanoparticles [11, 12]. One can control the
laser irradiating position onto the flame with a trav-
ersing system. For sampling particles out of the
flame on the TEM grid, we used an in situ local
sampling device which takes advantage of the
thermophoretic force [13, 14]. The dwelling time of a
TEM grid in flame can be set as desired in the
range of 1 ms by using sets of timers. The local ther-
mophoretic sampling device consists of a sampling
probe holding a TEM grid, a shield covering the TEM
grid, two air cylinders and three timers to control the
insertion times of the probe and the shield independ-
ently. The shield covers the probe to prevent deposi-
tion of particles on the grid when the probe is

—

-« —
-J i E——
2

Na gasinjection

Fo, 00134, 1D 105
% Innerchield gas, Mz 3-dia. 1.5
Cobbdin 2

— 0,,00183, D15

— — Honeysomb air. 0043, IDZ5.4

Fig. 1. Experimental setup for laser induced transition from
soot generation to shell shaped carbon nanoparticles.

inserted into the desired local point in a flame and
pulled out of the flame. The shield has been designed
to retract and expose the grid during the sampling
duration only after the probe is located at the desired
local position within the flame. The grids were exam-
ined with TEM (Transmission Electron Microscope)
for measuring the primary particle size distribution,
the radius of gyration and the fractal dimension of
aggregates.

To locate and visualize the reaction before and after
the irradiation onto the flame, ICCD camera (Roper
Scientific, PI-PIAX 512 RB) was used. To collect the
light signal from the reaction zone, other light sources
were blocked. It was done because when the transi-
tion occurs the luminosity of the reaction is too inten-
sive; the shutter time of ICCD camera was adjusted as
well. No filter was used. This light signal is delivered
to the ICCD camera and then is taken as an image in a
personal computer for analysis.

The crystallinity of particles was investigated with
X-ray diffractometer. The X-ray diffractometer
(M18XHF-SRA, MAC Science Co.) measures dif-
fraction signal from 10 degree to 90 degree with a
step of 4 degrees per minute.

3. Results and Discussion

First, we examined the generation of carbon soot
particles from acetylene gas heated in an oxy-
hydrogen flame without laser irradiation and their
growth with respect to flame heights. The results are
shown in Fig 2. In the conventional flame without
laser irradiation, primary seeds of soot particles were
found from the location higher than 11mm for the
given conditions. Those seeds are initially shown as
non-agglomerates at 11 mm and 13 mm, but, as soot
particles grow with flame, these become aggregates
consisting of many primary particles. When laser
beam is irradiated at 15mm flame height where car-
bon soots exist(see Fig. 3(a)), it was found that the
originally premature soots shown in Fig. 3(b) were
changed into mature soots of the fully aggregate
shape at different laser powers (see Fig. 3(c)-(e)).
Even though laser irradiation was shown to change
the size and morphology of carbon soot, it was not
possible to change the crystalline phase of carbon
particles when the laser irradiated the existing soot
particles. All the cases when the laser irradiated the
existing soot only resulted in usual carbon soot in
which discontinuous BSU(Basic Structural Units)



136 Y. J. Kim et al. / Journal of Mechanical Science and Technology 22(2008) 134~140

13 mm

15 mm 17 mm
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Fig. 2 Evolution of soot particles generated from acetylene in
an oxyhydrogen flame (scale bar 100 nm)

0 W (15mm) 0 W (17 mm)

753 W

Fig. 3. Changes in size and morphology of carbon soot parti-
cles with laser irradiation on soots in a flame (h; : 15 mm, hy :
17 mm, scale bar 100nm).

[15] existed randomly.

With 10mm incidence of the laser where carbon
soot does not exist, shell-shaped carbon particles were
generated at a laser power of 1880W as shown in Fig.
4(f) and nearly all particles were SCNPs. With low
laser powers, we produced aggregates of soot parti-
cles as shown in Fig. 4(a)-(e) though there might be
possibility that some minor portion of shell particles
could exist but were not detected by TEM images.
The SCNPs are of high crystallinity consisting of
several graphene layers and are hollow in the center.
As evidenced by the cases with laser irradiation on
existing soots, SCNPS are not the result of transfor-
mation of existing soots. A surprising fact is that our
laser induced transition occurs without any sensitizers
added in the flame. Furthermore, C,H, and other
gases injected are non-absorbing 10.6 pm laser beam.
It is speculated that preheating of acetylene by the
outer oxyhydrogen flame could generate laser beam
absorbing intermediates such as ethylene which may
absorb the laser beam and generate carbon vapor to
be eventually condensed to form shell shaped carbon
nanoparticles. It is again emphasized that SCNPs are

438 W 698 W
995 W 1320 W
1680 W 1880 W

- .
Fig. 4. Variation of carbon nanoparticles with laser irradia-
tion where carbon soot particles do not exist. The case of
1880 W shows that almost all particles are shell shaped car-

bon nanoparticles (SCNPs) (h; : 10 mm, h, : 15 mm, Scale bar
100 nm).
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not created in the way of restructuring of mature soot
particles. To produce SCNPs, the laser irradiating
height in the flame should be fixed on the point where
soot is not found, which is the major difference be-
tween samples shown in Fig. 3 and Fig. 4. Even with
the same laser power, we cannot produce SCNPs
when flame is irradiated at the point where mature
soot is found (in this case, above 11 mm).

We reported a high resolution TEM image of shell-
shaped particles shown in Fig. 4(f) [1]. From the im-
age (Fig. 5(b)), the high crystallinity of SCNPs is
clearly seen in comparison to the structure of soot in
Fig. 5(a). The soot has an irregular arrangement of
disconnected BSU. On contrary, from Fig. 5(b) we
can distinguish the continuous and curved graphene
layers in the particle. An interesting phenomenon of
sudden change in flame appearance, accompanied
with the transition to the production of SCNPs has
been reported [1]. We can tell whether SCNPs are
created or not by observing the change of luminosity
of the flame. Once the condition is established to
uniformly produce SCNPs (for example, the case of
2100 W in Fig. 6(a)), the luminosity of the flame
increases dramatically, while the change in the umi-
nosity of a sooting flame is small with the same laser
power (the case of 2100 W in Fig. 6(b)). In the case
of irradiation on 10 mm, the length of flame is getting
slightly shorter as the laser power goes up before it
reaches the ‘transition’ point. Once it reaches the
transition power, the luminosity of flame goes high
enough to make one unable to see it with the naked
eye with a bright tail of particles above the reaction
point (Fig. 6(a)). We visualized the particle producing
aspect in the flame with ICCD camera which enables
one to detect the point where particles are generated
as well as the relative variation of intensity level of
luminosity of the reactions. A normal flame without
laser irradiation shows the low level of luminosity (~
2400 in arbitrary unit) (see Fig. 7(a)). With a laser
power of 1400W, there is not a big difference in
flame shape only to show small increase of luminos-
ity (Fig. 7(b)). Once the full transition happens, the
reaction is confined within the vicinity of the point
where laser is irradiated with a two order of magni-
tude increase of luminosity level (Fig. 7(c)). The left
flame image of Fig. 7(c) clearly shows the particle
stream survived from oxidation while ICCD image
cannot show the particle stream due to the big differ-
ence in luminosity level between the particle stream
and the reaction point. This big difference of

100nm

=0 AR 2
Fig. 5. TEM/HRTEM images of carbon nanoparticles (a) soot
(b) shell shaped carbon nanoparticle (adapted from [1]).

0w 1400w 1700w 2100w

0w 1400w

1700w 2100w

Fig. 6. Flame pictures with irradiation onto (a) 10mm above
the burner, (b) 15mm above the burner (All pictures were
taken with shutter speed of 1/5sec and lens aperture of F6.3).

the luminosity level is an indication of full generation
of shell-shaped carbon nanoparticles. Even though the
luminosity level in the particle stream is small com-
pared to that in the reaction zone, the intensity is
much higher than the flame without laser irradiation
(the case of Fig. 7(a)).

The difference between soot and SCNPs is not only
in the structure but also in the size distribution of
primary particles. From TEM image analysis, the
primary particle size distribution of SCNPs was
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Fig. 7. Flame pictures and ICCD camera images in the case
of laser powers (a) 0 W, (b) 1400 W, (c) 2100 W.

measured (Fig. 8). For this measurement, we had to
measure more than 2000 particles per each case to
ensure statistically reliable data. The diameter used in
Fig.8 is the Martin’s diameter which we adopted for
measurement due to random orientation of particles.
In this distribution, three cases represent the soot par-
ticle distribution corresponding to the laser powers of
1400 W, 1500 W, and 1600 W. When the laser power
is not fully sufficient to produce all particles being
SCNPs as in the case of 1700 W, a bimodal distribu-
tion can be observed due to the co-existence of soots
and SCNPs, where the soot can be regarded as a con-
tamination of the new SCNP phase. The 2100 W case
is characterized by a unimodal SCNP distribution,
which indicates full generation of SCNPS and the
primary particle sizes of shell-shaped carbon nanopar-
ticles are much larger than those of soot particles.

The mean radius of gyration and fractal dimension
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Fig. 8. Primary particle size distributions of carbon nanopar-
ticles generated with different laser powers.

of nanoparticle aggregates are shown in Fig. 9. The
mean radius of gyration gets bigger as we increase the
laser power up to 800 W (Fig. 9(a)). And it becomes
smaller as the power of the laser increases further. On
the other hand, the fractal dimension decreases
slightly with a laser power increase up to 1000 W and
then increases again to around 1.9 as the laser power
increases to 2100 W (Fig. 9(b)). The evolution of the
mean radius of gyration and fractal dimension with
the laser power can be understood by taking into ac-
count the processes in acetylene conversion into solid
carbon. Indeed, let the acetylene soot aggregates at
zero laser power be characterized by some initial
mean primary particle size, cluster radius of gyration,
and fractal dimension. It is known [16] that primary
soot particles are charged and their colliding (and
subsequent “gluing” together with the help of surface
reactions of acetylene decomposition) is greatly influ-
enced by the charging in ionization processes in flame.
Indeed, soot particles tend to be aggregated in nearly
one-dimensional chains. Those chains produce the
secondary cluster-cluster aggregates (distinguished by
the ring-like structures in Fig. 3 and 4) on the later
stage of the soot formation. The longer the chains, the
lower the fractal dimension of the resulting cluster
may be.

As it is seen from TEM images (Fig. 3), with the
increase in the laser power the lengths of chains seen
in an individual cluster become larger. It may be an
indication of enhanced ionization and charging proc-
esses in the laser-induced plasma. (This plasma is a
pre-requisite for the following direct laser-induced
conversion of acetylene into carbon vapor and con-
tinuous layers of SCNPs.). Naturally, if the one- di-
mensional chains grow longer, the overall fractal
dimension of the cluster of chains may decrease (due
to prevalenceof one-dimensional chains in the struc-
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Fig. 9. Mean radius of gyration and fractal dimension of
aggregates of carbon nanoparticles for different laser powers
(a) mean radius of gyration, (b) fractal dimension.

ture), yet its radius of gyration increases. It is exactly
what is observed in experiment (see Fig. 9).

When the laser power increases more, a small
amount of SCNPs can start to be generated at some
laser power near 1000 W. It is noted that within the
laser beam diameter (~ 3 mm), there should be varia-
tions in the velocity and concentration of C,H,, which
may cause the transition to the partial production of
shell particles to occur at a certain location within the
beam diameter. This partial SCNP generation com-
petes with the soot generation in a way that “gluing”
surface reactions which survived from soot generation
become more and more unfavorable. The “chains” of
the SCNPs become shorter and there is a general ten-
dency at a very high laser power to have individual
primary particles instead of chain-like aggregates. In
parallel, radius of gyration starts going down though
the fractal dimension grows up. It should be noted
that this change in the radius of gyration and in fractal
dimension does not happen necessarily at one and the
same laser power because the process of “gluing”
pure SCNPs together (with the help of the surface
reaction) proceeds even at high laser power and thus
delays the compacting and the increase in fractal di-

10000 4 (02)
T

Intensity(cps)

Fig. 10. X-ray diffraction pattern of carbon nanoparticles for
different laser powers.

mension (compare Fig. 9(a) and Fig. 9(b), where the
maximum in radius of gyration and minimum in frac-
tal dimension are at slightly different laser power).

Fig. 10 shows the x-ray diffraction pattern of
SCNPs. There are several well-defined crystal planes
which make SCNPs distinguishable from soot. Those
planes are (002), (100), (101), (004), and (110) for
SCNPs. From the intensities of the peak located at
around 25 degrees of four samples indicated, we are
able to compare the degree of crystallization for each
sample. The samples with the transition (1800W and
2200W cases) exhibit narrow and big intensity peaks
at 25 degrees whereas the samples without the transi-
tion (1400W, soot cases) show broad and low inten-
sity peaks. Although the two different phases —
SCNPs and soot particles — are easily distinguished
one from the other in TEM images, the X-ray diffrac-
tion pattern (XRD) given in Fig. 10 demonstrates
somewhat smoothed evolution with increasing laser
power from broad soot peaks towards sharp XRD
peaks of pure SCNPs of high graphitization. This can
be understood as a consequence of the gradual evolu-
tion of the bimodal distribution of the two phases
reflected in their primary particle size distribution
given in Fig. 8.

4. Conclusions

SCNPs were synthesized by using the irradiation of
a CW CO, laser onto the oxygen-hydrogen diffusion
flame with C,H, as a precursor. We found that the
observed formation of SCNPs was not a restructuring
of mature soot formed in flame. This was proved by
considering the case of the irradiation of CO, laser on
the sooting region in flame in which case no SCNPs
were found. The sooting flame and SCNP producing
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reaction were taken by a digital camera and ICCD
camera as well, which enables one to estimate the
aspect of the reaction zone. Especially with those
images we could observe that SCNPs can survive
oxidation and exit the reaction zone. The size distri-
bution of primary SCNPs showed that they were lar-
ger than soot primary particles. The structural charac-
teristics from XRD demonstrated that SCNPs had a
good crystallinity when compared to soot. The results
of the measurement of radius of gyration and fractal
dimension of soot and SCNPs indicate different pro-
ducing processes for soot particles and for SCNPs
that have to be learned in future research.
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