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Abstract

Onion-like carbons were synthesized by annealing diamond nanoparticles at 1100–1400 �C. The diamond nanoparticles begin to
graphitize in the range of 1100–1200 �C and all the particles transform into onion-like carbons at 1400 �C. The transformation temper-
ature changes with the nanoparticle size. The onion-like carbons exhibit similarity to the original nanoparticles in shape.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The discovery of onion-like carbons has been of great
interest from the viewpoints of science and technology
[1]. Onion-like carbon consisting of concentric multilayer
graphite sheets is one of the fullerenic forms of the new
carbon allotropes, and can be produced by many
techniques [2–7], such as arc-discharge, irradiation and
nanodiamond annealing. The preparation and growth
mechanism of onion-like carbons by nanodiamond anneal-
ing have been studied extensively because of their wide
potential applications in electromagnetic devices, field
emission and solid lubricants [8–11].

The quasi-spherical onion is formed by the closure of
curved graphite sheets. The transformation is a process of
diamond graphitization [12] and starts at a much lower
temperature than that of bulk diamond. Bulk diamond
graphitizes into planar graphite, whereas nanodiamond
transforms into onion-like carbon. The presence of onion-
like carbon after the graphitization of nanodiamond makes
it both scientifically interesting and technologically impor-
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tant to study the transformation from diamond nanoparti-
cles to onion-like carbons [13–16].

Despite the intense interest in the creation of onion-like
carbons from diamond nanoparticles, the formation mech-
anism is not very clear, e.g. how the multishell fullerenes
come into being and why the shape of onion-like carbons
is diverse. The purpose of this work was to study the graph-
itization and microstructure transformation of nanodia-
mond, including graphitization temperature and the
resulting shapes of onion-like carbons. We have obtained
onion-like carbons by annealing diamond nanoparticles at
low temperature and studied the formation mechanism of
onion-like structures by X-ray diffraction (XRD) and
high-resolution electron microscopy (HREM) analysis.
We also propose a model to explain the experimental
phenomena in the structure rearrangement of nanodia-
mond.
2. Experimental procedures

Annealing of diamond nanoparticles (2–10 nm) was
performed in a tube furnace in argon atmosphere at tem-
perature from 900 to 1400 �C for 1 h. The nanodiamond
samples were placed in a quartz boat and then heated
vier Ltd. All rights reserved.
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Fig. 2. HREM image of initial diamond nanoparticles.
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to the annealing temperature at a rate of 10 �C/min.
Afterwards the annealed samples were furnace cooled to
room temperature under argon atmosphere.

The samples were characterized using XRD to deter-
mine crystalline structure and HREM for microstructure
observation. The XRD measurements were carried out
on a RIGAKU D/Max 2500 diffractometer using Cu Ka

radiation. For HREM observation, samples were dispersed
in ethanol by ultrasonication and then placed on the holey
carbon films deposited on copper grids. HREM was
carried out on a TECNAI G2F20 microscope at 200 keV
with a point resolution of 0.21 nm.

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of nanodiamond
annealed at different temperature from 900 �C to 1400 �C
for 1 h. The diffraction pattern of nanodiamond shows
broader peaks at 2h = 43.7� and 75.1� corresponding to
(111) and (220) diamond planes and no graphite peak
can be observed in Fig. 1(a). The diffraction peaks are obvi-
ously broadened owing to the very small crystallite size,
strains and defects [17].

The XRD patterns of sample (b) and (c) are similar,
indicating no obvious change in diamond structure at 900
and 1100 �C. A broad diffraction peak of (002) graphite
planes at 2h = 25.2� gradually increases with increasing
annealing temperature. The appearance of the broad gra-
phitic (002) peak comes from the onion-like nanographite
[18]. The intensity of the (002) graphite and (111), (220)
diamond peaks changes considerably, as shown in
Fig. 1(c) and (d), which indicates that onion-like carbons
begin to form in the range of 1100–1200 �C. The diffraction
pattern for sample (e) shows a significant difference to that
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Fig. 1. XRD patterns of diamond nanoparticles annealed at different
temperature: (a) diamond nanoparticles; (b) 900 �C; (c) 1100 �C; (d)
1200 �C and (e) 1400 �C for 1 h.
of sample (d). Two graphite peaks corresponding to the
(002) and (100) planes at 2h = 25.8�, 43.5� can be clearly
seen and the diamond peaks disappear. It can be concluded
that graphitization of nanodiamond finishes after anneal-
ing at 1400 �C for 1 h.

3.2. HREM observation

Fig. 2 shows an HREM image of initial diamond nano-
particles 2–10 nm in size. The outlines of the particles are
clear and the particles take on diverse shapes. The lattice
fringes are obviously seen which correspond to the (111)
planes of diamond. The interlayer spacing is 0.206 nm,
shown in Fig. 3, which agrees with that of the diamond
(111) planes.
Fig. 3. The interlayer spacing of nanodiamond (111) planes.



Fig. 4. HREM images of nanodiamonds annealed at (a) 900 �C, (b)
1100 �C and (c) 1200 �C.

Fig. 5. HREM images of nanodiamond annealed at 1400 �C.
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Fig. 4(a)–(c) presents the HREM images of nanodia-
mond annealed at 900, 1100 and 1200 �C, respectively.
As seen in Fig. 4(a), the graphite fragments appear at the
surface of the nanodiamond annealed at 900 �C. The
graphite fragments increase with increasing annealing
temperature and gradually connect up into curved gra-
phitic sheets, close to diameters of C60 and higher fullerenes
(Fig. 4(b)). But no onion-like carbons are found among
diamond nanoparticles, which indicates that the inner
diamond structure is still stable at 1100 �C. The presence
of exterior curved graphitic sheets makes us believe that
graphitization of nanodiamonds begins from the particle
surface towards the center.

Onion-like carbons can be observed in the HREM
image of nanodiamond annealed at 1200 �C, as shown in
Fig. 4(c). It can be seen that onion-like carbons coexist with
untransformed diamond nanoparticles and the onion-like
carbons are smaller in size. It reveals that the graphitiza-
tion temperature of nanodiamond changes with the degree
of crystallinity, in correspondence to particle size. These
changes are in agreement with the XRD results that
onion-like carbons begin to form in the range of 1100–
1200 �C. It should be noted that there exist diamond
(111) sheets in the center of the elliptical onion-like carbon
(marked by arrow in Fig. 4(c)) and the axis of the elliptical
onion-like carbon is parallel to the original diamond (111)
planes. We believe that transformation preferentially
begins at (111) planes and the inner diamond has an effect
on the outer shells in shape. It is reasonable that the onion-
like carbons are similar to the original nanoparticles in
shape; therefore, we propose that the graphite fragments
exfoliating from diamond (111) planes enclose around
the surface of nanoparticles gradually and the onion-like
carbons develop simultaneously.

Fig. 5 shows an HREM image of diamond nanoparticles
annealed at 1400 �C. All the nanoparticles are transformed
at 1400 �C and onion-like carbons take diverse shapes,
such as quasi-spherical, elliptical, polyhedral and deformed
onions. Some onions are found to be enclosed with linked
external layers. The number of onion graphitic shells
ranges from several to 12.

The interlayer spacing of onion-like carbon with five
shells is 0.335 nm, consistent with that of planar graphitic
(002) planes; but the interlayer spacing of onion-like
carbon with 10 shells is 0.324 nm, smaller than 0.335 nm,
as shown in Fig. 6. It can be deduced that the presence
of interlayer spacing decrease causes strain between
graphitic shells. This conclusion can be explained by the
fact that the initial outer graphitic shells restrict the inner
transformation in a spherical space.

3.3. Graphitization mechanism

Graphite is the most stable form of carbon at normal
temperature and diamond tends to transform to graphite
spontaneously at high temperature. Diamond nanoparti-
cles possess more dangling bonds and higher surface energy
than bulk diamond due to the high ratio of surface atoms
to the total. Consequently, the graphitization temperature



Fig. 8. Schematic illustration of onion-like carbons formation process.

Fig. 6. The interlayer spacing of the graphite (002) planes: (a) five shells and (b) 10 shells.
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of nanodiamond is much lower than that of bulk diamond.
The elimination of dangling bonds at the nanoparticle sur-
face and the closure of graphite sheets result in the decrease
of the surface energy, which is supposed to be the driving
force to form closed graphite shells continuously [18].

It has been proved by many researchers that the graph-
itization preferentially begins at diamond {111} planes
[19–22]. There are eight planes in {111} group which com-
prise (111), (�1�11), (�11�1), (1�1�1), (�111), (1�11), (11�1Þ and
(�1�1�1Þ planes. The diamond {111} planes are composed
of zigzag hexagonal rings that can be easily rearranged into
graphite sheet; therefore, graphite fragments with different
numbers of carbon atoms exfoliate from the external sur-
face of any diamond {111} plane and surround diamond
particles (shown in Fig. 7). These fragments are rearranged
by introducing pentagonal and other polygonal rings to
form a closed shell. Experimental results show that nanod-
iamond should be heated to at least 1100–1200 �C for
graphitization because enough kinetic energy is required
to keep on breaking C–C bonds in inner diamond. But
the graphite fragments can form at 900 �C because of the
greater number of defects and higher kinetic energy at
the outmost surface than in the inner part.

The formation process of onion-like carbons includes:
formation of graphite fragments, connection and curvature
Fig. 7. Formation of graphite fragments by br
of graphite sheets at the edges of diamond {111} planes,
closure of graphite layers. Based on the morphological
information observed by HREM we propose a model to
explain the phenomenon that the onion-like carbon is
similar to the original nanoparticles in shape. As shown
in Fig. 8, the graphite fragments link and tangle around
the surface of the diamond particle to eliminate dangling
bonds, and then generate closed graphite shells to diminish
surface energy. The inner diamond maintains the original
shape and dwindles little by little in the course of transfor-
mation. Consequently, graphitic layers enclose around the
eaking C–C bonds between {111} planes.
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diamond surface gradually and the onion-like carbons are
similar to the original particles in shape.

4. Conclusion

Diamond nanoparticles graphitize into onion-like
carbons by annealing at low temperature. The onion-like
carbons begin to form in the range of 1100–1200 �C and
the graphitization temperature of diamond nanoparticles
changes with the degree of crystallinity corresponding to
particle size. All the nanodiamond can transform into
onion-like carbons by annealing at 1400 �C for 1 h. The
outer shells restrict the inner transformation in a spherical
space and thus the interlayer spacing decreases with the
increase of graphitic shells number. It is our view that the
onion-like carbons inherit the original shape of nanoparti-
cles. The formation process of onion-like carbons includes:
formation of graphite fragments, connection and curvature
of graphite sheets between diamond {111} planes, and
closure of graphite layers.
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