Hindawi Publishing Corporation
Journal of Nanomaterials

Volume 2012, Article ID 843516, 7 pages
doi:10.1155/2012/843516

Research Article

Structures of Graphene/Cobalt Interfaces in
Cobalt-Encapsulated Carbon Nanocapsules

Daisuke Matsuura and Tokushi Kizuka

Institute of Materials Science, Graduate School of Pure and Applied Sciences, University of Tsukuba, Ibaraksi,

Tsukuba 305-8753, Japan

Correspondence should be addressed to Tokushi Kizuka, kizuka@ims.tsukuba.ac.jp

Received 30 October 2011; Revised 13 January 2012; Accepted 23 January 2012

Academic Editor: Takuya Tsuzuki

Copyright © 2012 D. Matsuura and T. Kizuka. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

Carbon nanocapsules (CNCs) encapsulating cobalt (Co) nanoparticles with a face-centered-cubic structure were synthesized by a
gas-evaporation method and were observed by high-resolution transmission electron microscopy. The Co nanoparticles revealed
polyhedral shapes; they were truncated by low-index facets. The surfaces of Co nanoparticles were surrounded by graphene layers.
The atomic configuration and interlayer spacing at the graphene/cobalt interfaces were investigated.

1. Introduction

Since fullerene Cgp was discovered, various studies regard-
ing fullerenes and related materials have been conducted,
for example, synthesis, analysis of structures and proper-
ties, encapsulation, derivatization, and synthesis of larger
fullerene molecules and nanotubes [1-5]. Carbon nanocap-
sules (CNCs) are giant multiwalled fullerenes having voids
in their center [6-10]. As is known in the encapsulation
of rare-earth elements in smaller fullerenes, CNCs also
encapsulate metal- and carbide nanoparticles, bringing in
the inhibition of oxidation and grain coarsening of encap-
sulating nanoparticles [6-9, 11-19]. In particular, for the
encapsulation of magnetic nanoparticles, we can explore new
magnetic properties of nanoparticles [14, 15].

In such CNCs encapsulating nanoparticles, the interfaces
between the nanoparticle and graphene layers dictate their
structural and chemical properties. For metal/graphene
systems, the interfaces have also been focused in application
of graphene to electronic devices, in which graphene is con-
tacted with metal electrodes and wires [20-29]. Such metal/
graphene interfaces are two-dimensional internal structures.
Thus, transmission electron microscopy (TEM) is a most
useful method to investigate them. A common obstacle to

the analysis is how to prepare thin specimens for TEM obser-
vation. Because interface structures are damaged when the
specimens are thinned by mechanical and chemical methods.
On the other hand, we can observe metal/graphene interfaces
in encapsulating CNCs without thinning processes. In this
study, we synthesized cobalt (Co)-encapsulated CNCs by
a gas-evaporation method and investigated their interface
structures by high-resolution TEM.

2. Method

An edge of a carbon rod of 5mm in diameter was drilled,
and a Co rod was packed in the hole. An edge of another
carbon rod was sharpened. The two edges of the two rods
were contacted in argon of 2 X 10* Pa, and an alternating
current was applied to heat the contact region. As the current
was increased, the temperature of the contact region reached
melting temperature, resulting in evaporation [30]. Thus,
the contact region was heated by Joule heating by current
passing. A smoke comprised of particles was produced by
evaporation and moved upward. The smoke was collected on
microgrids cooled at liquid nitrogen temperature.

The synthesized particles were observed using the trans-
mission electron microscope (JEOL JEM2100F) with a field
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FiGure 1: (a) High-resolution image of Co-encapsulated carbon nanocapsule. (b) Enlarged image of the encapsulated Co nanoparticle in
(a). (c) Selected-area electron diffraction pattern from aggregate of Co-encapsulated carbon nanocapsules.
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F1Gure 2: Facets of the Co-encapsulated carbon nanocapsule shown
in Figure 1(a).

emission electron gun operated at an acceleration voltage of
200 kV. The specimens were observed by the lattice imaging
under the Scherzer focus conditions.

3. Results

Figure 1(a) shows a high-resolution image of a synthesized
nanoparticle. In the inner region of the nanoparticle, lattice
fringes of 0.21 nm and 0.18 nm in spacing are observed, as
shown in Figure 1(b). The selected-area electron diffraction
from an aggregate of the nanoparticles corresponds to a
face-centered-cubic (fcc) structure, as shown in Figure 1(c).
From these results, the inner region was identified to be a
fcc-Co nanoparticle. The outer region of the nanoparticle
is surrounded by graphene layers. Thus, the nanoparticle
is a Co-encapsulated CNC. In this study, we examined
more than 300 CNCs. The selected-area electron diffraction
patterns from the nanoparticles encapsulated in the CNCs
were identified as those of fcc-Co nanoparticles. Jiao et al.
synthesized Co-encapsulated CNCs by arc discharge and
found that the encapsulating Co particles had fcc structures

[31]. Saito also reported that to by similar synthesis of Co-
encapsulated CNCs, fcc-Co nanoparticles were dominantly
produced in addition of small amount of Co nanopar-
ticles with hexagonal-closed-packed structures and Cos;C
nanoparticles [15]. Our result is similar to these previous
studies.

The lattice fringes of the Co nanoparticle, that is,
0.21 nm and 0.18 nm, correspond to (111)¢, and (002)c,,
respectively. Thus, we found the observed direction and the
facets of the Co nanoparticle, as shown in Figure 2. Five
facets, (111)¢,, (110)cy, (111)cgs (113)cy, and (002)¢,, are
observed in the upper region of the CNC.

Figure 3 shows a (0001)g¢aphene/(113)c, interface in D-E
region in the Co-encapsulated CNC shown in Figure 1(a).
The distances between neighboring black dots observed on
the graphene layers are 0.21 nm (Figure 3(a)). In graphene
layers, there is no lattice spacing corresponding to this dis-
tance. As shown in Figure 4, when graphene layers are viewed
along [T 120]graphene> the shortest distance of neighboring
atomic rows is 0.07 nm. Because this distance is smaller
than the spatial resolution of the microscope used in this
observation, the two neighboring atomic rows separated by
0.07 nm are observed as one black dot. The distance between
the combined black dots is 0.21 nm (Figure 3(b)). Thus, the
observed black dots of 0.21 nm in distance on the graphene
layers in Figure 3 correspond to the neighboring carbon
atomic rows aligned along [1120] graphene 0N (0001)graphene-

Figure 5 shows the orientational relationship between
the graphene layers and Co nanoparticles at the interfaces
in region D-E. The enlarged high-resolution image of
the interface shown in Figure 3 is shown in Figure 5(a).
From this image, we constructed the configuration model
of carbon and Co atoms along the direction parallel to the
interfaces. To confirm the matching of the lattice image
and the model, the overlapping of them is presented in
Figure 5(b). The extracted atomic configuration is shown in
Figure 5(c). The atomic configuration model at the interface
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FiGURE 3: (a) High-resolution image of (0001)gaphene/ (113), interface in D-E region in the Co-encapsulated carbon nanocapsule shown in
Figure 1(a). (b) The atomic configuration overlapping on the image in (a). The graphene layers are observed along [1120]4aphene-

TaBLE 1: Orientation relationship between graphene and Co.

Region Orientational relationship d (nm) aXlSccr/Iiigilcltl %((;j)gmphe“e aXlSC"r/r{iiil:é(z(g/(]S”phe“e
A-B (0001) [TT20] graphene #/(T1T) [110]g, 0.21 + 0.03 [110]¢, 1.6 [112]c, 1.8

B-C (0001) graphene//(110) o 0.28 + 0.03 — —

C-D (0001) [TT20] graphene// (T11)[110] 0.30 + 0.05 [110]¢, 1.6 [112]c, 1.8

D-E (0001) [1120]4aphene//(113)[110]c, 0.21 = 0.03 /! [332]c, 49

E-F (0001) [T T20] gryphene//(002) [110] 0.21 + 0.03 7 (170, 15

d: interlayer spacing between the graphene and Co layers at the interface (nm), axisco// [1100] graphene: the direction of the Co nanoparticle parallel to
[TIOO]gmphene, misfit: the misfit between the graphene and Co layers along [TIOO]gmphene. *Only layer/layer relationship was analyzed.

FIGURE 4: Atomic configuration of graphene layers, viewed along
[000T] gyaphene- The broken lines parallel to [T 120] 4 4phene indicate the
positions of the black dots on the graphene layers in Figure 3(b).

viewed along [1120]44phene and [110]¢, with details of the
direction and the distances between the projected atomic
columns is shown in Figure 5(d) to clear the orientational
relationship and relative positions between the graphene
layers and the Co nanoparticle. With similar reason, the
atomic configuration along the direction perpendicular to
the interfaces, that is, [0001]4,phene and [113]¢, was shown

in Figure 5(e). From the models in Figures 5(e) and 5(f),
the relationship between the atomic configurations of the
graphene layers and Co nanoparticle projected along the
direction perpendicular to the interface can be analyzed.
We found from these figures that a half of Co atoms locate
around the on-top sites of carbon atoms on the interface in
this region.

Figure 6 shows the orientational relationship between
the graphene layers and Co nanoparticles at the interfaces
in region A-B. The enlarged high-resolution image of the
interface shown in Figure 1l is shown in Figure 6(a). We
constructed the configuration model of carbon and Co
atoms along the direction parallel to the interfaces. As in
Figure 5(b), to confirm the matching of the lattice image and
the model, the overlapping image of them is presented in
Figure 6(b). The extracted atomic configuration is shown in
Figure 6(c). The atomic configuration model at the interface
viewed along [1120]4phene and [110]¢, with details of the
direction and the distances between the projected atomic
columns is shown in Figure 6(d) to clear the orientational
relationship and relative positions between the graphene
layers and the Co crystal. With similar reason, the atomic
configuration along the direction perpendicular to the
interfaces, that is, [0001]4phene and [111]¢, was shown in
Figure 6(e). From the models in Figures 6(e) and 6(f), the
overlapping of the atomic configurations of the graphene
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FiGure 5: The orientational relationship between graphene layers and Co nanoparticle at the interface in region D-E shown in Figure 3. (a)
Enlarged high-resolution image of the interface. (b) The atomic configuration overlapping on the image in the image in (a). (c) The extracted
atomic configuration. Atomic configurations at the interface viewed along [1120] gaphene and [110]¢, (d) and [0001] gaphene and [113]c, (e).
(f) Overlapping of the atomic configurations of the graphene layers and Co nanoparticle projected along the direction perpendicular to the
interface, that is, [0001] gyphene and [113]¢,- The filled and open circles indicate carbon and cobalt atoms.

layers and Co nanoparticle projected along the direction
perpendicular to the interface can be considered. We found
that most of Co atoms locate around the on-top sites of
carbon atoms on the interface in this region.

The misfits at the interfaces in the five regions are shown
in Table 1. In regions A-B, D-E, and E-F, the misfits at the
interfaces along [1120]g4phene are 1.6%. On the other hand,
the misfits along [1100]gphene are 1.8%, 49%, and 15%
for the three regions, respectively. The spacing between the
graphene layer and the Co layer at the interfaces in the
three regions ranges between the same range, that is, 0.21 =
0.03 nm.

Figure 7 shows a (0001)g,phene/(110) ¢, interface in B-C
region in the Co-encapsulated CNC shown in Figure 1(a).
In this region, the configuration of Co atoms could be
analyzed as in the regions A-B and D-E. On the other
hand, the configuration of carbon atoms cannot be identified
because only line images are observed in the graphene region.
Then, we found the interlayer spacing in this region, that is,
0.28 nm.

Figure 8 shows a (0001)gaphene/(111)¢, interface in C-D
region in the Co-encapsulated CNC shown in Figure 1(a). As
shown in Table 1, the orientational relationship in this region
is equivalent to that in region A-B. However, the interlayer
spacing in this region is 0.30 = 0.05nm, which is higher
than that in region A-B. In Figure 8, the graphene layers
at the interface bend around an additional atomic row on
the Co facet. Strain is introduced in the graphene layers in
C-D region owing to the bending. This contributes to higher
interlayer spacing.

4. Discussion

4.1. The Shape of the Graphene Layers at the Interfaces. The
graphene layers at the interfaces were flat when the Co facets
were flat, as shown in Figures 6 and 7. On the other hand, the
graphene layers bent along the steps and additional atomic
rows on the Co facets, as shown in Figures 5 and 8. Thus,
the shape of graphene layers at the interfaces fit with the
surface shape of the Co nanoparticle; a single graphene
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F1GURE 6: The orientational relationship at the (0001)gphene/(111), interface in region A-B shown in Figure 1. (a) Enlarged high-resolution
image. (b) The atomic configuration overlapping on the image in (a). (c) The extracted atomic configuration. Atomic configurations at the
interface viewed along [1120]4yphene and [110]¢, (d) and [0001] guphene and [111]¢, (e). (f) Overlapping of the atomic configurations of the
graphene layers and Co nanoparticle projected along the direction perpendicular to the interface, i.e., [0001]gophene and [111],. The filled
and open circles indicate carbon and cobalt atoms.

FIGURg 7: (a) Enlarged high-resolution image of the (OOOl)gmphem/(TlO)c0 interface in region B-C shown in Figure 1. (b) The atomic
configuration overlapping on the image in (a). (c) The extracted atomic configuration. The atomic position on the graphene layers and the
direction of the graphene layers are not identified.
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FiGURE 8: (a) Enlarged high-resolution image of the (0001)gphene/(111)¢, interface in C-D region shown in Figure 1. (b) The atomic
configuration overlapping on the image in (a). (c) The extracted atomic configuration.

layer covers the Co facet even if the Co facets are stepped
and curved. In the gas-evaporation, first, Co/carbon solid
solution phases are formed by mixture of atomized Co and
carbon atoms at high temperature. The solid solubility of
carbon in Co decreases during cooling. From this, it is
proposed that the solved carbon precipitates as graphene
layers on the Co nanoparticles at lower temperatures [15].
In such precipitation, the graphene layers are conformed to
the Co facets.

4.2. The Graphene/Co Interlayer Spacing at the Interfaces.
Although the misfit along [T100]4,phene is different in regions
A-B, D-E, and E-F, the spacing between the graphene layer
and the Co layer at the interfaces ranges between the same
range. Interface steps were observed in region D-E, whereas
flat interfaces were observed in regions A-B and E-E For the
(0001) graphene (T11)¢, interface showing the largest interlayer
spacing, the misfits along [1100]gaphene and [1120]graphene
are similar to those in A-B region. Thus, the range of the
observed interlayer spacing is not necessarily influenced
by misfits and interface steps. Swart et al. estimated the
interlayer spacing at a (0001)gphene/(111)¢, interface to be
0.215nm by periodic slab calculations [29]. This calculated
value is smaller than that of the interface with the same
orientational relationship (region C-D), whereas it is similar
to that in different relationships (regions D-E and E-F). As
shown in Figure 1, considerable strains were introduced in
the graphene layers around point C, that is, around regions
B-C and C-D. In these regions, the interlayer spacing was
0.28-0.30 nm. Thus, it is suggested that the larger interlayer
spacing are caused by strain in the graphene layers.

5. Conclusion

The graphene/Co interfaces in Co-encapsulated CNCs were
observed by high-resolution TEM. The atomic configuration
and the interlayer spacing at the graphene/Co interfaces were
investigated. The observed interlayer spacing between 0.21 +
0.03 nm at the graphene/Co interface was observed regardless

of the misfit and interface steps. On the other hand, the
larger spacing between 0.28 to 0.30 nm was observed around
considerably strained graphene layers.
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