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Growth of fullerene nanoparticles prepared
by the gas-evaporation technique
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Cso0 and Cyq fullerene nanoparticles prepared by evaporating their powders in inert gas
were investigated by electron microscopy and X-ray diffraction. Crystal structures of the
particles were face centred cubic (fcc) which is a stable phase at high temperature, with
lattice parameters of a = 1.42 nm for Cgp and a = 1.499 nm for Cy9. Nanoparticles with
definite crystal habits were sometimes observed among those with irregular ones. For the
C70 nanoparticles, the higher the source temperature was, the better-defined the crystal
habits were. © 1998 Kluwer Academic Publishers

1. Introduction ration was carried out in most cases from a tungsten
The discovery of a method of producing large amountgoat (6x 80 x 0.1 mn¥) heated up to a temperatufe,
of fullerenes [1] has promoted experimental and theofanging from 1000 to 1308C in an argon atmosphere
retical studies on them. The crystal structure gf€in-  at a pressurela,, ranging from 0.7 to 2.6 kPa. In order
gle crystals a few millimetres in size grown from their to investigate the effect of evaporation temperature on
vapour was face centred cubic (fcc) [2, 3], while for the crystal structure and habit of§ghanoparticles, &
Crosingle crystals grown from their vapour, five differ- powder material was evaporated from a tantalum boat,
ent phases [fcc, rhombohedral, ideal hexagonal closehich was covered with a tantalum sheet with two pin-
packed (hcp), deformed hcp and monoclinic phasesoles, heated up tds=1750°C. The specimens for
from high to low temperature] were observed [4]. Greenelectron microscopy were collected for abdus at
et al. [5] reported that on sublimation, solvent free various lateral distances,, from the smoke centre at
Cyo crystallized in a hcpl phase, with small admix- a vertical distancey, from the boat, using the device
ture of a hcp2 phase as well as a fcc phase. It wadescribed in [9].
pointed out [4, 6] that the crystal structures ofgC Structural and morphological observations of the
depended strongly on thermal treatment. On the othenanoparticles were carried out in both bright and dark
hand, for Go nanoparticles prepared by arc-dischargefield images using a JEM-100S transmission electron
with amorphous carbon rods in inert gas (the so-callednicroscope equipped with a double tilting stage. Lat-
gas-evaporation technique), X-ray and electron diffractice images of g nanoparticles were taken by a trans-
tion patterns did not show (2 00) and (31 1) reflectionsmission electron microscope operating at 300 k¥ C
[7], which are usually observed for fcc crystallites.  nanoparticles of large size were observed with a scan-

In this study, crystal structures and habits gh@d ning electron microscope (SEM). Lattice parameters
Cyo fullerene nanoparticles prepared by evaporatingf the Gso or C7o nanoparticles collected from the in-
their powders in inert gas were investigated by electromer wall of the work chamber were examined by X-ray
microscopy and X-ray diffraction. They are discusseddiffraction.
in relation to both growth temperature and the three
growth zones of smoke, where thermal equilibrium- ] ]

3. Results and discussion

shaped particles of the largest size grow in the intermez
diatg zoge [8-11]. g g 3.1. General features and crystal structures

of Cgp nanoparticles

Fig. 1 shows smoke consisting ofsgChanoparticles
2. Experimental procedure prepared by evaporatingsgpowder in an argon atmo-
The work chamber used in this experiment was 210 mnsphere at a pressure of 1.3 kPa. The nanoparticulate
in diameter and 400 mm in height. The experimentalsmoke was shaped like a candle flame, as was observed
procedures for the preparation of fullerene nanoparfortypical metal smoke [8—-11]. The smoke is, therefore,
ticles were the same as described in [8, 9]. The puexpected to consist of three growth zones. Fig. 2 shows
rity of the starting powder materials (Texas Fullereneselectron micrographs of §g nanoparticles collected at
Corp.) was 99.9% for g5 and 99% for Go. Evapo- three growth zones on a transverse cross-section of the
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Figure 3 High-resolution electron micrograph of aggnanoparticle
(Par = 1.6 kPa,Ts = 1030°C andV = 45 mm).

due to the low thermal conductivity ofgg The low
vapour concentration gradient results in a small varia-
tion in size and external shape of the nanoparticles at
the three growth zones.

The powder X-ray diffraction pattern for theg§
nanoparticles showed four strong Bragg reflections
with d spacings of 0.827, 0.504, 0.428 and 0.401 nm,
each of which correspondsfb 1 1}, {22 0}, {31 1} and
{22 2} planes of the fcc structure, with a lattice param-
Figure 1 Smoke consisting of & nanoparticles Ry, = 1.3 kPaand ~ €ter ofa = 1.42nm. The{2 0} reflection was absent,
Ts = 1300°C). as was reported in the reference [7]. The absence of

a {200 reflection for the G crystallite is attributed
— . - to high-speed rotation of theggemolecules at the lat-
°® ® v tice points [7]. The electron diffraction pattern for the
@ nanoparticles as well as the X-ray diffraction pattern did
® Tpm also show th¢3 1 1} reflection, although it was reported
) [7] that the{3 1 1} reflection was absent in electron and
® o ° X-ray diffraction patterns for g nanoparticles pre-
pared by evaporating an amorphous carbon rod in inert
. (c) ® gas. A high-resolution electron micrograph of thg C
nanoparticle is shown in Fig. 3, where the lattice image
Figure 2 Ceo nanoparticles grown t = 0mm (a), 3mm (b)and6mm  of the (31 1) planes is clearly observed over the wide
(c) on a transverse cross-section of smoke. (a), (b) and () correspongh i of the particle. The crossed lattice image shows
to the inner, intermediate and outer zones, respectily £ 1.6 kPa, . .. .
T, = 1030°C andV = 45 mm). that the particle is in the cubic phase. The presence
of a {311 lattice image over the wide region of the
nanoparticles prepared in this experiment implies that

smoke: (a), (b) and (c) correspond to the inner, intermelhey were better crystallized and, therefore, contained

diate and outer zones, respectively. The particle size €SS stacking disorder [13].

largest for the particles grown in the intermediate zone.

Almost all of the nanoparticles show irregular external

shapes and the particle size ranges from 100 to 400 nn3.2. Crystal structures of C;9 nanoparticles

It is worth noting that variation of the nanoparticles The general features of;gnanoparticles were almost
in size and external shape at the three growth zonethe same asthose o§§-Fig. 4 shows an electron micro-
was smaller than that of metal smoke particles [8—11]graph (a) of the g nanoparticles and the corresponding
The result is attributed to the low thermal conductivity electron diffraction pattern (b), where the reflections are
(0.4 W mK~1) of Cgg at room temperature [12] in com- indexed with fcc structure, th@ 0 0} reflection also be-
parison with that of metal (for example, 400 W mK  ing absent. The powder X-ray diffraction pattern for the
for Cu). The G vapour, which flows outwards from C;gnanoparticles showed seven Bragg reflections. The
its source by diffusion through the atmosphere gas, isnterplanar spacings obtained from the reflections are
cooled by a convection current. The outer part of thesummarized in Table |, where they are compared with
vapour zone is, therefore, cooled more rapidly than thdoth those of @ powder indexed with an fcc structure
inner part of the vapour zone [11]. But this does not pro-of a=1.496 nm [5] and those of a# single crys-
duce a high gradient in vapour concentration near théal indexed with hcpl structure af=1.0734 nm and
vapour source, because the difference in the cooling rate= 2.0276 nm [3]. Judging from the results mentioned
of the nanoparticles at the three growth zones is smakbove, the crystal structure of thegdhanoparticles

(a) am b (b)
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TABLE | Interplanar spacings (nanometres) obtained from powder X-ray diffraction of C7o nanoparticles, in comparison with those of C7g powder
indexed with fcc structure of a = 1.496 nm [5] and those of aCyg single crystal indexed with ahcpl structure of a =1.0734 nm and ¢ = 2.0276 nm [3]

fcc hepl
Present study
(a = 1.496 nm) (a =1.0734 nm, ¢ = 2.0276 nm)

dobs | /|0a hkl dealc dops (POWdef) hk-1 dealc dops (Si ngl e)

10.0 0.9296 0.9241
0.8715 62 111 0.8637 0.845 10.1 0.8450
0.5308 100 220 0.5289 0.523 11.0 0.5367

00.4 0.5069 0.5069

20.0 0.4648 0.4635
0.4513 92 311 0.4511 0.446 20.1 0.4530
0.4328 23 222 0.4319 0.427 20.2 0.4225
0.3349 37 420 0.3345 0.332 212 0.3320
0.3048 25 422 0.3054 30.0 0.3099 0.3095
0.2879 16 333 0.2879 40.0 0.2324 0.2323

a1 /lg istheintensity.

pared by vapour transport at a temperature ranging from
500 to 620°C. At a temperature higher than 345 K, the
stable crystal structure of 4 fullerene is fcc, while
hcpl and hep2 phases ofdfullerene are metastable
[4, 6]. Inferring from temperature distribution curves
around a heater used in the gas-evaporation technique
[15], the growth temperature of&£smoke nanopar-
ticles ranges from 200 to 300C (473 and 573 K,
respectively) at a positio = 2 cm from the source at

Ts = 1200°C. Thus, Go hanoparticles with fcc struc-
ture, not hcp structure, grew at the growth temperature
in this experiment.

3.3. Morphology of Cgy and Cyg
nanoparticles

Nanoparticles with definite crystal habits were some-
times observed among those with irregular ones. Fig. 5
shows a @g nanoparticle with flat surfaces. The elec-
tron diffraction pattern (c) gives a [1 0 0] incidence for
the fcc structure. Foye 0 0} reflections are present, the
intensity being weak [7]. All fouf2 2 0} reflections are
split due to refraction effect at the edges of the particle.
The dark fieldimage (b) taken with 0 2 2 reflection indi-
cates that the particle is a single crystallite with a planar

(b) \ defect. The crystal habit is found from the above obser-

vation to be a octahedron truncated {iy0 G planes,

Figure 4 Elec_tron micrograph (a) and electron diffraction pattern (b) for \which is known to be athermal equilibrium crystal habit
CronanoparticlesRar = 1.3 kPa,Ts = 1110°C andV = 40 mm). characteristic of fcc metal nanoparticles grown in the
intermediate zone of smoke [11].

grown here was found to be fcc, with a lattice parame-
fullerene is known to be fcc at a temperature higher
[2 3]_ This disagreement is attributed to the diﬁerentFigure 5 A Cgp nanoparticle showing the crystal habit of a octahedron

ter ofa = 1.499 nm. 00nm
The crystal structure of thefnanoparticles grown
in this experiment was fcc, as was the crystal struc- -
ture of the G ones. Since the crystal structure gfC *
than 260 K [14], growth of gy nanoparticles with fcc TN
structure is reasonable. But growth ofgthanopar- e
ticles with fcc structure is inconsistent with that of (a) (b)
millimetre-sized single & crystals with hcpl structure

. . - uncated by{10 lanes. (a) Bright field image, (b) dark field im-
preparation methods employed’ espeC|aIIy the dlﬁerengge taken w)i,ih Og}zpreﬂectién)and%c) electron (?iffra(ct)ion pattern show-
growth temperatures; the former were prepared by thgg (10 0] incidence for fcc structurd%, = 1.6 kPa,Ts = 1030°C and
gas-evaporation technique, while the latter were prev =45 mm).
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Figure 6 A Cgp multiply twinned nanoparticle. (a) Bright field image,
(b) dark field image taken with 1 1 1 reflection and (c) electron diffraction
pattern Par = 1.6 kPa,Ts = 1030°C andV =45 mm).

-JUN-97 000014 WD Bmm 25, 0kV x30k 1zm

Figure 8 A SEM micrograph of a & nanoparticle with many horns
(Par = 2.6 kPa,Ts = 1230°C andV = 50 mm).

Figure 9 A Cyo twinned nanoparticle grown at a high source tempera-
ture. (a) Bright field image, (b) electron diffraction pattern, and (c) and
(d) dark field images taken with 22 0 and 311 reflections, respectively
(Par =1.3 kPa,Ts=1750°C andV =30 mm).

Figure 7 A C7o multiply twinned nanoparticle. (a) Bright field image,
(b) electron diffraction pattern. The electron micrographs (c) and (d)

were taken for the particle tilted by 2@gainst that of (a). The dark field . . .
image (d) was taken with 2 20 reflectioRs — 2.6 kPa T, = 1250°Cc | € horned shapes observed in this experiment reflect

andV = 50 mm). vapour growth in the high vapour densities of fullerene
Ceo Or Cy, since the vapour pressures at a temperature
higher than 1200C are high enough (about 2 Pa faigC
and about 1 Pa for g at 600°C [16]) for nanoparticles
Fig. 6 shows a gy nanoparticle with the external to grow in the vapour phase.
shape of a hexagonal polyhedron. The dark field image Whenthe source temperature was above 25
(b) taken with 11 1 reflection gives a contrast showingnanoparticles with definite crystal habits (for example
that it is a multiply twinned particle, characteristic of with external shapes of triangular plates or hexagonal
smoke particles of fcc metals [11]. columns) were always found among those with irregu-
Fig. 7 shows a horned+# nanopatrticle, which was lar external shapes. These well defined habits are due
grown at a considerably higher source temperature. Thio the high growth temperature. Fig. 9 shows & C
electron micrographs (c) and (d) were taken for thenanoparticle grown ats = 1750°C. The bright field
particle tilted by 20 against that of (a). The electron image (a) shows a definite habit. The electron diffrac-
diffraction pattern (b) corresponding to the image (a)tion pattern (b), which also reveals wegkO0 0} reflec-
suggests the particle contains planar defects in it. Frortions, shows straight streaks. The contrast in the dark
the dark field image (d) taken with 2 2 O reflection, it is field images (c) and (d) taken with 220 and 311 re-
also found to be a multiply twinned particle. ASEM mi- flections, respectively, is the reverse. The patrticle is,
crograph of a gy hanoparticle with many horns, which therefore, found to contain many planar defects paral-
was also grown at a considerably higher source tempetfel to each other. These planar defects imply that the
ature, is shown in Fig. 8. These crystal habits were obgrowth of the particle was achieved by transformation
served for both gy and Gg nanoparticles grown froma to a fcc phase after formation of a metastable hcp phase
source heated up to atemperature higher than 1200 at a high temperature.
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4. Conclusions
Cso and Gy fullerene nanopatrticles prepared by evap- 1.
orating their powders in inert gas were investigated by
electron microscopy and X-ray diffraction. The crys-
tal structure of Gy nanoparticles was fcc, with lat-
tice parameters af = 1.42 nm in accordance with the 3.
results already reported. It was found in this experi-
ment that the crystal structure ofghanoparticles was
also fcc, which is a stable phase at high temperature,
with lattice parameters &= 1.499 nm. The disagree-
ment in the crystal structure of single;dcrystals a 5.
few millimetres in size is attributed to the different
preparation methods, especially the different growth &
temperatures.

Cso nanoparticles with definite crystal habits char-
acteristic of fcc metal nanopatrticles were sometimes7.
observed among those with irregular ones. For thg C
nanoparticles, the higher the source temperature was
the better-defined the crystal habits were. The growth
of well defined Go nanoparticle was inferred to be g

4.

achieved by the transformation to a fcc phase afteto.
formation of a metastable hcp phase at high temperil.

ature. The horned shapes for thg, ©r C;o nanoparti-
cles observed in this experiment reflect vapour growth
in the high vapour densities of fullerengd®r Cyo.
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