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Formation of Various Nanocarbon and
Composite Structures by Laser Ablation

Fumio Kokai
Mie University
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1. Introduction

Nanocarbon and composite materials have attracted considerable research attention due to
their unique properties and potential applicatio ns. Laser ablation of graphite or graphite
containing a small amount of metals can produce various nanocarbon structures such as
single-walled (SW) (Guo et al., 1995) and multi-walled carbon nanotubes (MWCNTS)
(Hirahara et al., 2000), SW carbon nanohorn(CNH) aggregates (lijima et al., 1999) and
polyhedral graphite (PG) particles (Kokai et al ., 2003). In this chapter, we describe a simple
method to form various nanocarbon and composite structures using laser ablation in high-
pressure Ar gas up to 0.9 MPa, with particular focus on the composite nanostructures.
Graphite targets containing metals or compounds (Si, Fe, Co, Ni, Cu, Ag, B.C, Y203, La;O3,
and Gd»;0O3) were used as source materials. To effectively form nanocarbon and composite
structures by laser irradiation onto the target s at room temperature, we used a continuous
wave Nd:YAG laser to eject C and other specieswith relatively low kinetic energies into the
high-pressure Ar gas. As a result, hot C and metal species are confined in a space
surrounded by Ar gas. For example, the initia | temperature of the vaporized C species was
~5000 °C estimated for laser irradiation from emission spectroscopy (Kokai et al., 2001). In
addition, emission imaging an d shadowgraphic studies implied that vaporized species had
low expansion velocities of 102-13 cm/s (Kokai et al., 1999) due to the high-pressure Ar gas
restricting their expansion. Unlike a laser ablati on method combined with an electric furnace
for SW and MWCNT growth, where vaporized C and metal species kept at 800—1300°C are
essential for an efficient CNT growth (Gorbunov et al., 1999), the heat sources available for
the growth of various nanocarbon and composite structures in this study are laser-ablated C
and metal species themselves confined by high-pressure Ar gas. The control of the resident
densities and the maintenance of high-temperature of laser-ablated C and metal species,
based on adjusting the metal content in graphite and the Ar gas pressure, results in various
composite nanostructures with high vyields in the deposits. The nanostructures were
characterized using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), selected area electron diffraction (SAED) and x-ray diffraction (XRD) patterns, and
Raman spectroscopy. Depending on the type and content of metals and compounds,
characteristic nanocarbon and composite structures such as hybridized SWCNH patrticles
and Cu- or SiC-filled one-dimensional (1D) structures were formed. We discuss the metal-
dependent growth of the various nanocarbon and composite structures with an emphasis on
graphitization processes such as thermal graphitization, catalytic graphitization and vapor-
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liquid-solid (VLS) growth (Wagner & Ellis, 1964) , and unconventional VLS growth without
a catalyst.

2. Experimental

A set of elements, Si, Fe, Co, Ni, Cu, and Ag, and compounds, BC, Y203, La;O3, and Gd;Os3,
were mixed with graphite and with metal conten ts typically from 5 to 30 atomic (at.) %. For
B,C and Si, higher contents were used up to 60 (B content) and 70 at.%, respectively. The
average particle sizes of the graphite, Si, Fe, Co, Ni, Cu, Ag, BC, Y203, La;O3, and Gd,03
powders were 5, 45, 20, 2, 3, 2, 100, 60, 30, 40, and 8@, respectively. The mixed powders
were ground and then pressed to form pellets (10 mm in diameter, 2 mm thick) under a
pressure of 10 MPa in a stainless-steel die press. A continuous wave Nd:YAG laser (500 W
peak power) was used for the laser ablation at room temperature. The laser beam was
focused on the pellets through a quartz window installed on a cylindrical stainless-steel
chamber (110 mm in diameter and 150 mm long) filled with Ar gas at pressures ranging
from 0.05 to 0.9 MPa, as in previous studies(Kokai et al., 2003 and 2004). The size of the
laser spot and the power density were adjusted to 2 mm and approximately 13—-23 kW/cm 2,
respectively, and the laser irradiation time was set to 2 s. After laser irradiation of several
shots on the fresh surface of a rotating target, the depsits produced on the chamber wall
were collected. The deposits were examinedwith a SEM and TEMs operated at 100 kV and
300 kV. XRD measurements of the deposits were carried out using Cu-KD radiation
operated at 40 kV and 150 mA. Raman spectra othe deposits were taken with excitation by
means of the 488-nm line of an Ar* laser.

3. Characterization of nanocarbon and composite structures

3.1 Hybridized SWCNH and other particles from  graphite containing Fe, Co, Ni, or Ag
SWCNH particles with diameters of 80-100 nm are almost spherical aggregates of many
tubule-like structures made of graphitic sh eets (lijima et al., 1999). Room-temperature CQ
laser ablation of graphite can produce SWCNH particles with a high yield of over 90%.
Comparing the growth of SWCNH particles with those of other nanostructured graphitic
carbons, platelet graphite (PLG) (Kokai et al., 2004) and PG particles (Kokai et al., 2003),
grown under different Ar gas pressure conditions up to 0.8 MPa has suggested that the
formation of tubule-like SWCNH structures and their aggregation in Ar gas was important
for the formation of SWCNH particles (Kokai et al., 2004). The generation of a new hybrid
structure, a SWCNH particle including a Ni-en capsulated carbon nanocapsule (CNC) in its
center, was reported using a submerged arc method (Sano et al., 2004). The CNC is a hollow
graphitic cage filled with iron-group or rare-ear th metals and it has a typical diameter of 10—
200 nm (Ruoff et al., 1993; Saito, 1995). Howewve the major product that was formed was
Ni-encapsulated CNCs using the submerged arc method. The SWCNH particles hybridized
with the CNCs had a very low (less than 1%) yield.

The laser ablation of graphite containing Fe, Co, Ni, or Ag produced SWCNH particles
hybridized with CNCs with a high yield of ~70% and other nanostructures at Ar gas
pressures of 0.1-0.3 MPa (Kobayashi et al2007). Figures 1a—d show typical TEM images of
four products obtained by the laser ablation of a graphite-Fe target. The Fe content was 20
at.% in the target. The products shown here, which include Fe core particles, are a SWCNH
particle, a PLG particle (Kokai et al., 2004), anamorphous carbon (AC) particle, and a CNC.
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The Fe cores in the SWCNH, PLG, and AC partides were smaller than those of the CNCs. In
addition to the core particles, small Fe particles often attached with the AC particles (Fig.
1c). This may be due to a higher concentration of defects in the AC particles.

Fig. 1. TEM images of hybridized (a) SWCNH, (b) PLG, and (c) AC patrticles and (d) CNC
obtained by laser ablation of graphite containing 20 at.% Fe and at Ar gas pressures of 0.1—
0.3 MPa.

The outer region of one of the hybridized SWCN H patrticles is magnified in Fig. 2a, showing
horn structures, similar to those of unhybrid ized SWCNH aggregates. The core region is
also magnified in Fig. 2b. Graphitic layers cover the core just like in CNCs. These layers
ranged in number from 10 to 25. The presenceof these layers is similar to the SWCNH
particles hybridized with Ni-containing CNCs. Similar graphitic layers were frequently
observed as the cores of the PLG and AC particlesTo identify the phase of the Fe core in the
hybridized SWCNH particle, a SAED pattern and its corresponding lattice image were taken
(Fig. 2c). The SAED pattern consists of two types of patterns: annular rings from graphitic
layers and spots from the core. Several sets of spots were superimposed because the core
was polycrystalline. Spots diffracted from a gr ain can easily be distinguished by comparing
them in the lattice image. The direction of the spot must be normal to the lattice fringes. The
spots, indicated by the arrows in the image, can be assigned to the (1-22) and (211)
reflections of an orthorhombic FesC crystal according to the data of Joint Committee on
Powder Diffraction Standards (JCPDS) No. 6-0670 Pbnm, a=0.452, b=0.507, and c=0.674 nm).
The measured d-values calculated from the nominal camera length were 0.198 and 0.188 nm,
and the interplanar angle was 76°. These vdues can not be explained by assuming AFe or A
Fe phases.

The yields of the four products shown in Figs . 1a—d were strongly dependent on the Ar gas
pressure and the Fe content in the graphite taget. We roughly estimated the yields of the
four products by comparing their areas in TEM images measured for several parts in the
deposits after laser irradiation. Figure 3 shows the yields of the four products as a function
of the Ar gas pressure. Graphite targets containing 20 at.% Fe were used for each laser
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Fig. 2. TEM images observed in (a) the outerregion and (b) near the core of a hybridized
SWCNH particle and (c) the corresponding SAED pattern and lattice image.

100

uﬂ 0.10 0.15 0.20 0.25 U‘ﬂiﬂ

Ar gas pressure [MPa]
Fig. 3. Yields of hybridized SWCNH ( ,), AC ( 1), and PLG (9§ particles and CNCs (y as a
function of Ar gas pressure.

irradiation. At 0.1 MPa, the major product (~80%) was AC particles hybridized with Fe 3C
particles or FesC-filled CNCs. As the Ar gas pressure was increased, the yield of the
hybridized AC particles decreased, while the yield of the SWCNH particles hybridized with
Fe;C-filled CNCs significantly increased. At 0. 2 MPa, the yield of the hybridized SWCNH
particles reached a maximum value of about 70%. Under this condition, almost all of the
SWCNH particles contained FesC-filled CNCs and the yield of unhybridized SWCNH
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particles, which did not contai n CNCs, was less than 1%. When the Ar gas pressure was
further increased, the yield of the hybridized SWCNH particles decreased and the yield of
hybridized PG particles only slightly increased.

In an XRD pattern (Fig. 4) of the product obtained from a 20 at.% Fe target at 0.2 MPa, where
the hybridized SWCNH patrticles attained the highest yield, all the peaks, except for the one
at 50.5°, were assigned to the reflections of a F& crystal. This was consistent with the
SAED analysis shown in Fig. 2c. The XRD patten also indicated that the Fe in the other
products (~30%) was also in the carbide phase.We note that when we used Fe-free graphite
for laser ablation, the yield of the SWCNH partic les was highest at the same Ar gas pressure
of 0.2 MPa and the yield of the PLG particles increased with a further increase in the Ar gas
pressure. The formation of the SWCNH particles hybridized with Fe 3C-filled CNCs thus
seems to depend on the aggregation of SWCNHSs.

Figure 5 shows the dependence of the Fe content in a laser-irradiation graphite target on
the yields of products. The Ar gas pressure was kept at 0.2 MPa for each Iager ablation. As
the Fe content increased from 5 at.%, the yield of the hybridized SWCNH particles
increased and reached a maximum (~70%) at 20 at.%. For 5 and 10 at.% Fe, unhyidized
SWCNH particles were observed and caused a reduction in the yield of hybridized
SWCNH particles. After the maximum yiel d was reached, the hybridized SWCNH
particle yield decreased, while the CNC yield increased drastically. In ad dition to the
FesC-filled CNCs, the number of Fe-filled CN Cs, confirmed by an SAED pattern having
spots of metallic AFe, increased. This Fe content dependence indicates that the existence
of a suitable amount of Fe relative to the C in an Ar atmosphere is important for forming
high-yield SWCNH particles hybridized with Fe 3C-filled CNCs. The CNC formation in
environments of excess Fe hinders the formation of SWCNH particles like the Fe conent
of 30 at.% of Fig. 5.
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Fig. 4. XRD pattern of the product by laser ablation of graphite containing 20 at.% Fe at Ar
gas pressure of 0.2 MPa. Most of the peaks are assigned to E€. The (110) and (200)
reflections of AFe may overlap with the (103) and (132) reflections of FgC, respectively, but
the intensities of the (110) and (200) réections are low, indicating a minor AFe product.
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Fig. 5. Yields of unhybridized SWCNH particles ( L), hybridized SWCNH particles ( ),
hybridized AC particles ( 1), and CNCs (Y as a function of Fe content in the graphite target.
The vyield of the hybridized PLG particles (not shown) was at most 1%.

The formation of a metal- or carbide-filled CNCs is believed to occur through the
precipitation of carbon from a supersaturated molten metal-C particle at a high temperature
(Ruoff et al., 1993; Saito, 1995). On the basis of binary phase diagrams of metal and C
(Massalski et al., 1990), the C solubility in a meal particle at a high temperature probably
differs significantly depending on the type of metal used. Therefore, we attempted to
fabricate hybrid structures of SWCNH particle s and CNCs using graphite targets containing
various metals. As a result, Co, Ni, and Ag were encapsulated to form hybridized SWCNH
particles similar to that of Fe. Their yields were the highest (~70%) under the processing
conditions, which were also similar to that used for Fe. For example, a TEM image of a
hybridized SWCNH particle and the corresponding SAED pattern of a specimen formed
using a graphite target containing 20 at.% Coand an Ar gas pressure of 0.2 MPa are shown
in Fig. 6. According to JCPDS No. 15-0806, the spot indicated by the arrow in the SAED is
assigned to ACo (fcc, a=0.354 nm). Fast quenching may stabilize the meta-stable Aphase as
was observed in the CNCs (Saito, 1995; Jiao edl., 1996). An XRD measurement (Fig. 7) also
supported the quenching. All the peaks were successfully assigned to ACo, except for the
peak at 26.6° that reflected from graphite (002).1t is important to note that the core was not a
carbide but a metal, although the Co-C system contains carbides, such as CgC and CosC
just like in the Fe-C system. The Ni and Ag cores were also metals rather than metal
carbides. These metallic cores were also covereavith graphitic layers, but they were thinner
(1-15 layers) than those of the FgC particles (10-25 layers).

In order to further analyze the detailed structures of the hybridized SWCNH particles,
comparative TEM examination was performe d for three types of hybridized SWCNH
particles synthesized from graphite containing 20 at.% Fe, Co, or Ag (hereafter Fe, Co, and
Ag hybrids) (Kokai et al., 2009). As shown in binary phase diagams (Massalski et al., 1990),
Fe, Co, and Ag have significantly different C solubilities: 25, 4.2, and 0.036 at.%, respectively.
From more than 200 samples for each hybridized structure (some samples can be seen in
Fig. 8), the diameters of thehybrids and the encapsulated CNCs and the thicknesses of the
SWCNH layers surrounding the CNCs were measured and compared.
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Fig. 6. (&) TEM image and (b) the corresponding SAED pattern of a product from graphite
containing Co. The Co content in graphite was 20 at.%. The laser ablation experiments were
carried out at Ar gas pressure of 0.2 MPa.

26.6° graphite (002)

- 51.5° (200)
6.0° (220)

Intensity [arb. unit]

20 30 40 50 60 70 80
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Fig. 7. XRD pattern of the product by laser ablation of graphite containing 20 at.% Co at Ar
gas pressure of 0.2 MPa. The peaks are assigned téCo.

Fig. 8. TEM images of (a) Co and (b) Ag hybrids obtained by laser ablation of graphite
containing 20 at.% Co or Ag at Ar gas pressure of 0.2 MPa.
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Figure 9 shows diameter distributions of the hybrids (d ) and CNCs (d.) for the three
hybrids. As shown in Fig. 9a, the d, values for the three structures range from 40 to 150 nm;
however the peak position and dy, distribution differ among the structures. The average d
values are 96, 90, and 85 nm for the Fe, Co, and Ag hybrids, respectively. As shown inFig. 9b,
the d. values range from 5 to 55 nm. The d distributions differ am ong the structures; the
average diameters are 24, 19, and 16 nm for the FeCo, and Ag hybrids, respectively. Note that
large CNCs with diameters up to ~140 nm, which were not surrounded by SWCNHSs, were
also observed, as in the previous study (Kobayashi et al., 2007). In addition to d, and d, the
distributions of the SWCNH layer thicknesses (t,) were also measured for the three hybrids
(not shown). The t, values ranged from 15 to 65 nm. The average 4 values were
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Fig. 9. Diameter distributions of the (a) hybrids (d ) and (b) CNCs (d,) for Fe, Co, and Ag
hybrids.
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