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Onion-like carbon (OLC) was synthesised by annealing detonation nanodiamond
for 1.5h at temperatures from 500 to 1400°C and at a vacuum of 1 Pa. The results
showed that the nanodiamond was transformed into the amorphous carbon (a-C)
at first and then the a-C was transformed into the OLC gradually with the
increase in annealing temperature. Moreover, at the annealing temperature of
600°C, the nanodiamond started transforming into a-C from the edge of the
nanodiamond particle (111) crystal plane. At the annealing temperature of
750°C, the nanodiamond was transformed into the a-C completely. At the
annealing temperature of 850°C, the a-C began transforming into the OLC at the
edge area. At the annealing temperature of 1000°C, the OLC particle with a size
smaller than 5nm was synthesised. However, in the centre of the OLC particle,
untransformed a-C coexisted. At the annealing temperature of 1100°C, the
microstructure of the OLC particle with a size smaller than Snm became
optimised. At the annealing temperature of 1200°C, the OLC particle with a size
larger than 5nm was fabricated. There was also untransformed a-C coexisting in
the centre of the OLC particle. At the annealing temperature of 1350°C, all the
a-C was transformed into the OLC. The average size of the OLC was
approximately 5nm, which was the same as that of the nanodiamond. The
layers of the OLC were varied from several to 12.

Keywords: onion-like carbon; nanodiamond; characterisation; annealing

1. Introduction

Onion-like carbon (OLC) is a larger cluster composed of concentric carbon shells
with a number of atoms. The innermost layer of the OLC composes 60 carbon atoms,
and the number of carbon atoms for the second and the third layers increases in terms
of 601°. The shell spacing of the OLC is typically 0.34nm, which is close to that of the
graphite. The innermost diameter of the OLC is approximately 0.7 nm, which is close to
that of the Cg [1].

Since the discovery of the OLC, it has attracted wide attention due to its unique
microstructures and broad prospects of application [2-12]. After years of experiments,
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a variety of new methods have been developed for synthesising the OLC, summarised
in the following categories: arc discharge method [13—15], electron beam irradiation
method [16-22], catalytic decomposition of carbon-containing material [23-27], heat
treatment method [28-31], mechanical milling method [32,33], carbon ion beam implan-
tation [34], detonation [35], radio frequency (rf) plasma and combustion synthesis [36],
etc. Various OLCs composing the graphite layers from several to hundreds have been
synthesised using the above methods, such as single OLC, hollow OLC and an OLC with a
package of various metallic elements within it.

There are many types of methods and a wide range of raw materials for preparing
the OLC. Theoretically, all the carbonaceous material can be transformed into the OLC
through certain preparation methods. However, there are still many problems for syn-
thesising the OLC, for example, low purity, high structural defect, low yield, high
synthesis cost, etc. In particular, the high synthesis cost and low yield are not conducive
to further research on its performances and applications. For example, the lowest
annealing temperature and the vacuum reported are 1200°C and 1.0 x 1072Pa,
respectively, for the heat treatment method [37-39]. These conditions are very difficult
for realising volume-produce of the OLC, which limit the application of the OLC.
Moreover, there are no reports on the transformation of the nanodiamond into the OLC
completely, even at the annealing temperature of 1400°C. Therefore, new technologies
and raw materials have to be constantly explored to reduce the synthesis cost and
increase its output. The most important thing is that the mechanism for the
transformation is not yet clear.

In this work, the OLC was synthesised by annealing detonation nanodiamond for 1.5h
in a lower vacuum of 1 Pa and at annealing temperatures from 500°C to 1400°C. The OLC
as-synthesised was characterised comprehensively using a high-resolution transmission
electron microscope (HRTEM) and a Raman spectrometer. At the same time, the
mechanism for the OLC synthesis by annealing the nanodiamond, was discussed.

2. Experiments

The nanodiamond powder was fabricated by a method of explosion and post-treated
with a hot mixture of concentrated H,SO4 and HCIO,4 [40,41]. The average size of the
nanodiamond particle was approximately 5nm. However, its particle size varied in the
range from 2 to 12 nm.

The OLC was synthesised by annealing the detonation nanodiamond powder in a
carbon furnace, whose type was ZT-50-20 and was bought from China. At first, the
nanodiamond powder was put in a graphite tube. Then, the graphite tube was placed
in the furnace chamber. During the annealing experiment, the vacuum of the furnace
chamber was kept at about 1 Pa and the annealing temperatures were changed from 500 to
1400°C. The heat preservation was 1.5h for each annealing temperature. Finally, the
annealed samples were cooled to room temperature in the vacuum chamber of the carbon
furnace. Before heating, the furnace chamber was evacuated to approximately 1 Pa first by
a mechanical pump and then by a diffusion pump with oil. However, a cold trap using
liquid nitrogen was applied in the vacuum line between the pump and the furnace chamber
preventing the oil from moving into the furnace vacuum chamber.
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The nanodiamond and the OLC as-synthesised were characterised comprehensively
using an HRTEM (JEM-2010, Japan) for observing their microstructures and a Raman
spectrometer (E55+4 FRA 106, Germany) for determining its content.

3. Results and discussion

Figure 1 shows the HRTEM image and the selected area diffraction (SAD) pattern of the
nanodiamond used. From the HRTEM image shown in Figure 1(a), we can see that
the shape of the nanodiamond particles was almost spherical. The average size of the
nanodiamond particle was about 5 nm. Its particle size varied in the range from 2 to 12 nm.
The SAD pattern of the nanodiamond shown in Figure 1(b) exhibits a circle comprised

Figure 1. HRTEM image (a) and SAD pattern (b) of the nanodiamond.
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Figure 2. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 600°C.

of diffraction dots corresponding to the diffraction of the nanodiamond (111) crystal
plane. This is a characteristic of detonation-synthesised nanodiamond particles [42,43].
Figure 2 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 600°C in a vacuum of 1Pa. At the
annealing temperature of 600°C, the amorphous carbon (a-C) began appearing from the
surface of the nanodiamond particles, as indicated by the white arrow in Figure 2(a).
However, the (111) planes of the nanodiamond could be observed in the centre of the
nanodiamond particles as indicated by the black arrow in Figure 2(a), which demonstrated
that the centre of the nanodiamond particle was still diamond. Figure 2(b) shows the SAD
pattern of the sample. The diffraction is composed of diffraction dots corresponding to the
diffraction of the nanodiamond (11 1) plane, as shown in Figure 2(b). The centre area in
the SAD pattern shown in Figure 2(b) corresponds to the diffraction of a-C. From the
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Figure 3. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 750°C.

SAD pattern of the sample shown in Figure 2(b), we can see that the a-C and the
nanodiamond diffraction coexisted after annealing the nanodiamond at the condition.
This agreed very well with the HRTEM image result shown in Figure 2(a).

Figure 3 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 750°C in a vacuum of 1Pa. The
HRTEM image shown in Figure 3(a) indicates that the sample was arranged in the short
range older as indicated by the black arrows. This suggested that almost all the
nanodiamond particles were transformed into the a-C. The SAD pattern shown in Figure
3(b) indicates that the diffraction circle or arc composed of diffraction dots corresponding
to the nanodiamond (1 1 1) crystal plane diffraction disappeared, in comparison to Figures
1(b) and 2(b). Only the a-C diffraction existed in the centre area of the SAD pattern.
Furthermore, this suggested that all the nanodiamond particles were transformed into the
a-C after annealing the nanodiamond in the condition.



11:10 15 January 2011

Downl oaded At:

478 Q. Zou et al.

Figure 4. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 850°C.

Figure 4 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 850°C in a vacuum of 1Pa. From
Figure 4(a), it can be clearly observed that the OLC fragments began appearing only at the
edge, as indicated by the black arrow. There was untransformed a-C in the centre of the
OLC fragments as indicated by the white arrows. However, there were no OLC particles
observed after annealing the nanodiamond in the condition. The SAD pattern of
the sample is shown in Figure 4(b). The diffraction arc composed of the diffraction dot
in Figure 4(b) corresponds to the diffraction of the nanographite (10 0) plane. The centre
area in the SAD pattern shown in Figure 4(b) corresponds to the diffraction of a-C. From
the SAD pattern of the sample shown in Figure 4(b), we can see that the a-C and the
nanographite diffraction coexisted after annealing the nanodiamond in the condition. This
agreed very well with the HRTEM image result shown in Figure 4(a).
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Figure 5. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 1000°C.

Figure 5 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 1000°C in a vacuum of 1 Pa. Figure 5(a)
shows that the OLC particles indicated by the black solid arrow coexisted with the
untransformed a-C indicated by the white arrow. However, only the OLC particles with a
size smaller than 5nm were fabricated. Moreover, there was untransformed a-C existing
in the centre of the OLC particle as indicated by the black dotted line arrow. Figure 5(b)
shows the SAD pattern of the sample. The diffraction arc composed of the diffraction dot
in Figure 5(b) corresponds to the diffraction of the nanographite (10 0) plane. The centre
area in the SAD pattern shown in Figure 5(b) corresponds to the diffraction of a-C. From
the SAD pattern of the sample shown in Figure 5(b), we can see that the a-C and the
nanographite diffraction coexisted after annealing the nanodiamond in the condition. This
agreed very well with the HRTEM image result shown in Figure 5(a).
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Figure 6. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 1100°C.

Figure 6 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 1100°C in a vacuum of 1 Pa. Figure 6(a)
shows that the OLC structure was optimised at the annealing temperature of 1000°C as
indicated by the black arrow. Moreover, the OLC particles appeared with a larger size
than that of annealed at the temperature of 1000°C as indicated by the white arrow.
However, the OLC particle size was still smaller than 5nm. Moreover, there was a-C
coexisting in the centre of the OLC particles. Figure 6(b) shows the SAD pattern of the
sample. The diffraction arc composed of the diffraction dot in Figure 6(b) and corresponds
to the diffraction of the nanographite (100) plane. The centre area in the SAD pattern
shown in Figure 6(b) corresponds to the diffraction of a-C. From the SAD pattern of the
sample shown in Figure 6(b), we can see that the a-C and the nanographite diffraction
coexisted after annealing the nanodiamond in the condition. This agreed very well with the
HRTEM image result shown in Figure 6(a).
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Figure 7. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 1200°C.

Figure 7 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 1200°C in a vacuum of 1 Pa. Figure 7(a)
shows the high magnification HRTEM image of the sample. From the HRTEM image,
we can see clearly that the OLC particles with a size larger than 5 nm were synthesised, as
indicated by the white solid arrow. However, there was untransformed a-C existing in the
centre of the OLC particle. At the same time, the OLC particle with a size smaller than
Snm, as indicated by the black arrow, became better than that of annealed at the
temperature of 1100°C. Figure 7(b) shows the SAD pattern of the sample. The diffraction
arc composed of the diffraction dot in Figure 7(b) corresponds to the diffraction of the
nanographite (100) plane. The centre area in the SAD pattern shown in Figure 7(b)
corresponds to the diffraction of a-C. From the SAD pattern of the sample shown
in Figure 7(b), we can see that the a-C and the nanographite diffraction coexisted after
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Figure 8. HRTEM image (a) and SAD pattern (b) of the nanodiamond annealed for 1.5h at a
temperature of 1350°C.

annealing the nanodiamond in the condition. This agreed very well with the HRTEM
image result shown in Figure 7(a).

Figure 8 shows the HRTEM image and the SAD pattern of the nanodiamond sample
annealed for 1.5h at the annealing temperature of 1350°C in a vacuum of 1 Pa. Figure 8(a)
shows the HRTEM image of the nanodiamond sample annealed at the temperature
of 1350°C. It is clear that all the a-C were transformed completely into the OLC after
annealing the nanodiamond at the temperature of 1350°C. The OLC particles took on
diverse shapes, such as quasi-spherical, elliptical, polyhedral and deformed onions. Some
onions were found to be enclosed with linked external layers. The number of the onion
graphitic shells ranged from several to 12 layers. The spacing of the observed
lattice fringe was 0.344 nm, which was close to that of the (002) planes of the graphite.
The SAD pattern of the sample is shown in Figure 8(b). The diffraction circles composed



11:10 15 January 2011

Downl oaded At:

Journal of Experimental Nanoscience 483

(a) 90000

80000

70000

60000

Intensity (a.u.)

50000

40000 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " (]
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Raman shift (cm™)

—

(=)}

-
1

4000

3000

2000

1000

Intensity (a.u.)

0 PR NP RPN WU WU NP S S |
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Raman shift (cm™)

Figure 9. Raman spectra of the nanodiamond (a) and the OLC (b) annealed for 1.5h at the
temperature of 1350°C.

of the diffraction dot in Figure 8(b) corresponds to the diffraction of the nanographite
(002), (100) and (110) planes, respectively, from the innermost to the outermost. From
the SAD pattern of the sample shown in Figure 8(b), we can see that the a-C was
completely transformed into the OLC after annealing the nanodiamond in the condition.
This agreed very well with the HRTEM image result shown in Figure 8(a).

Figure 9 shows the Raman spectra of the nanodiamond and the OLC annealed for
1.5h at the annealing temperature of 1350°C in a vacuum of 1 Pa in the wavenumber range
from 1000 to 1900cm™'. From Figure 9(a), we can see that the deconvoluted spectrum
included two peaks at approximately 1320 and 1600 cm ™", respectively. The diamond peak
at about 1320cm~"' was downshifted and broadened with respect to the single crystal
diamond peak at 1332cm ™. This downshift was thought to occur due to the particle size
into the nanometre range. While the peak position at about 1660 cm™' might come from
the nanographite existing in the nanodiamond [44], which was downshifted from the
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position 1572 cm ™" due to the influence of the structural defects. As shown in Figure 9(b),
the peaks locating at about 1260 and 1580 cm ™", respectively, resulted from the sp® and sp”
structural carbons existing in the OLC, which demonstrated that the OLC was composed
of the sp” structural carbon, as well as the sp® structural carbon.

The HRTEM images and the SAD patterns shown in Figures 1-8 suggest that
the nanodiamond is transformed into the a-C gradually at first. Then, the a-C is gradually
transformed into the OLC with an increase in annealing temperature. Moreover, at the
annealing temperature of 600°C, the nanodiamond started transforming into a-C from the
edge of the nanodiamond particle (111) crystal plane. At the annealing temperature of
750°C, the nanodiamond is completely transformed into the a-C. At the annealing
temperature of §850°C, the a-C began transforming into the OLC at the edge area, which is
lower by 350°C than that reported [45]. At the annealing temperature of 1000°C, the OLC
particle with a size smaller than 5nm is synthesised. However, in the centre of the OLC
particle, the untransformed a-C coexisted. At the annealing temperature of 1100°C, the
microstructure of the OLC particle with a size smaller than 5nm is optimised. At the
annealing temperature of 1200°C, the OLC particle with a size larger than Snm is
fabricated. There is also untransformed a-C coexisting in the centre of the OLC particle.
At the annealing temperature of 1350°C, all the a-C is transformed into the OLC.
The average size of the OLC is approximately 5Snm, which is the same as that of the
nanodiamond. The layers of the OLC varied from several to 12. As confirmed by the
Raman spectra shown in Figure 9, the OLC is composed of the sp® and sp structural
carbons.

Many researchers have reported that the nanodiamond is first transformed into
graphite from the nanodiamond’s outmost (1 1 1) plane and then the graphite is gradually
transformed into the OLC towards the centre [46,47]. However, in our research, we find
that the nanodiamond is transformed into the a-C at first, and then the a-C is transformed
into the OLC gradually with the increase in annealing temperature. Furthermore, the OLC
particles can be fabricated at the annealing temperature of 850°C in our research because
the vacuum of 1 Pa in our research is lower than that of the others’ 107> Pa. We think that
the oxygen in the vacuum chamber helps the formation of the OLC. However, future work
is needed to be done to confirm the effect of oxygen on the OLC formation.

4. Conclusions

The OLC was synthesised by annealing detonation nanodiamond for 1.5h in the vacuum
of 1Pa at the annealing temperature from 500°C to 1400°C. In order to know the
transformation mechanism of the OLC by annealing the nanodiamond, an HRTEM and
a Raman spectrometer were used to characterise the microstructures of the OLC
comprehensively. The results showed that the nanodiamond was transformed into the a-C
at first, and then the a-C was transformed into the OLC gradually, with the annealing
temperature increase. At the annealing temperature of 600°C, the nanodiamond was
transformed into the a-C from the nanodiamond particle edge. At the annealing
temperature of 750°C, the nanodiamond was transformed into the a-C completely. At the
annealing temperature of 850°C, the a-C was transformed into the OLC at the edge area.
At the annealing temperature of 1000°C, the OLC particle with a size smaller than 5nm
was synthesised. At the annealing temperature of 1100°C, the OLC particle with a size
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smaller than 5nm was optimised. At the annealing temperature of 1200°C, the OLC
particle with a size larger than 5nm was fabricated. However, untransformed a-C
coexisted in the centre of the OLC particle. At the annealing temperature of 1350°C, all the
a-C was transformed into the OLC. The average size of the OLC was approximately 5 nm.
The layers of the OLC varied from several to 12. The oxygen in the vacuum chamber
helped the formation of the OLC.
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