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Carbon nanobelts have been synthesized using nanoporous anodic alumina as template
and ethanol as precursor. The length and width are tens of micrometers and 470 nm,
respectively. The thickness was measured to be 5 nm, exhibiting a high-aspect-ratio mor-
phology. After annealing, the crystallinity of the nanobelts can be improved. The formation

mechanism of such morphology is demonstrated as a radial deformation of large thin
nanotubes. This is disclosed for the first time in the literature regarding the attainment
of a quasi two-dimensional nanocarbon via a template route. Field emission measure-

ments on the sample annealed at 800 °C show a turn-on voltage 3.25V/pm and stable
long-term emission efficiency. The lower threshold voltage is attributed to the strong edge

emitter effect.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Template-mediated growth method is always worth being
considered as scientists intend to produce a nano-sized
material. Although the indispensable etching process for
removal of the nanoporous oxide template restricts its
applications, template method still possesses many non-
substitutable advantages, such as uniform sample sizes,
self-alignment, catalyst-free, and morphology controllability.
Therefore, now this method has been a world-widely
adopted technique to synthesize nanocarbons in zero to
three dimensions and makes a significant progress in last
ten years [1-3]. Various carbon materials, like nanoparticles
[1,4], nanotubes [5,6], nanofilaments [7,8], ultra-thin graphite
films [9,10] and ordered micro- or meso-porous carbons
[3,11] have been successfully obtained using different kinds

of templates. However, quasi two-dimensional (quasi-2D)
products are absent from the groups as above mentioned.
The quasi-2D materials are usually composed of finitely
superficial size or exhibit two-dimensional large-aspect-ra-
tio, and their thickness is extremely thin to be more than
one order of magnitude smaller than length and width.
The current quasi-2D nanocarbons, like nanowalls, nano-
sheets, and nanobelts, are synthesized by the hydrothermal
method [12] or plasma-enhanced chemical vapor deposition
(PECVD) [13,14]. Further electronic investigation demon-
strated that the quasi-2D carbons nanomaterials reveal
excellent field emission characteristics [13], and their strip
morphology may have a potential application as the elec-
tron-transport carrier.

In this study, a massive amount of belt-like carbon materi-
als was obtained using a nanoporous template. The products
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with high-aspect-ratios agree with the definition of quasi-2D
material. Such a distinctive structure which has never been
found with a similar method is disclosed herewith. The
appearance, microstructure, and formation mechanism of
the belt-like morphology are characterized and discussed.
The effect on crystallinity of thermal treatment, and the field
emitting properties under optimized conditions are further
studied as well.

2. Experimental

Fig. 1 illustrates the experimental procedures. The products
were synthesized by APCVD using dehydrated ethanol as
precursor and anodic aluminum oxide as templates. Both
commercial (Whatman Ltd.) and home made porous alu-
mina were used as templates. The home made templates
were produced by using the conventional anodization proce-
dures [15]. The APCVD system consists of a tube furnace and
a pumping system. The tube furnace was pre-heated to
550 °C with Ar flow 30sccm. After inserting templates, Ar
gas was used to carry the dehydrated ethanol and introduce
the vaporized ethanol into the system. Then the vaporized
ethanol would be decomposed at 550°C and coat on the
channel surface of the templates. After reaction for 90 min,
the templates retrieved from the tube furnace became to-

After pyrolysis

After removal
of template

Carbon nanobelts

Fig. 1 - The formation of carbon nanobelts with specified
sizes.

tally black. The templates were then removed by immersing
in sodium hydroxide. The obtained product was dispersed by
sonication in ethanol and kept there for further character-
ization. To prepare the samples for thermal treatment, the
suspension solution was dried naturally onto a graphite sub-
strate to form a fragile sheet composed of interweaved prod-
ucts. The samples were examined by scanning probe
microscopy (SPM, Digital instrument NS3a controller), SEM
(JEOL JSM-6500F at 15 kV) and high-resolution TEM (HRTEM,
JEOL JEM-2010). Quantitative analyses were performed by
XRD (Mac MXP-18) and Micro-Raman scattering measure-
ments (CHROMEX 501is: 488 nm).

3. Results and discussion

For study of the morphology and structure, the samples syn-
thesized at 550 °C were dispersed by sonication in ethanol
forming a colloidal solution, which was dropped and dried
on Si wafer for SEM observation. Fig. 2a shows that the
products are in belt-like appearance. The dimensions of the
belt-like materials are evaluated to be several to tens of
micrometers in length and 470 +80nm in width. Because
the channel size of the template is 60 pm in length and
300 + 50 nm in diameter, therefore it is known that the length
of the nanobelt is smaller but the width is larger than the
sizes of template channels. The EDS spectrum shows that
the products are composed of carbon.

The particle materials underneath a nanobelt can be
clearly seen in Fig. 2b. It suggests that the thickness of nano-
belts is thin enough to transmit electrons. This phenomenon
is also confirmed by the low contrast in TEM image, as shown
in Fig. 2c. The inset diffraction pattern in Fig. 2c reveals a pair
of blurred diffraction spots which can be assigned to (002)
plane of graphite. But the low contrast implies that the crystal
domains in as-synthesized materials are localized. The lattice
image shown in Fig. 2d was obtained by focusing electron
beam on the edge of a 550 °C as-prepared nanobelts. The ori-
entation of graphene layers is roughly parallel to the longitu-
dinal axis of the nanobelts, suggesting that the longitudinal
direction is favorable for electron-transport. In this image,
the edge region is thick (~ 6.3 nm) enough to observe its lat-
tice clearly, although usually the edge thickness found in
our samples is thinner than in this case.

SPM (scanning probe microscopy) image of a segmented
nanobelt on the Si substrate is shown in Fig. 3a. In this figure
the nanobelt exhibits two convex strips on both edges. The
cross-sectional topography plotted in Fig. 3b shows that the
height is steep on the edges and becomes flattened in the cen-
tre. The result corresponds well with the observation in
Fig. 3a. The average thickness in the central part of the nano-
belt is 5 nm. The roughness of the background is negligible.
The width ratio between the steep regions and the flattened
one is evaluated to be 1:2.4:1. And the ratio of length, width,
and thickness of the nanobelt is extremely large to be about
1000:100:1 (6 pm:470 nm:5 nm, given by the average values).
From the morphological studies, the structure of nanobelt is
considered to arise from the collapse of the nanotube, due
to the very high ratio between tube diameter and wall thick-
ness. A cross-sectional scheme illustrated in Fig. 3c shows
that the thickness of nanobelt should be double of the wall
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Fig. 2 - (a) Massive amount and (b) a close-up view of the as-synthesized products (550 °C). Bundled products were not found
in SEM images. (c) TEM image and (d) lattice image of a nanobelt produced at 550 °C.

thicknesses of collapsed nanotube, and consisted of short-
range ordered graphenes as shown in Fig. 2d. According to
the great difference among its dimensions, carbon nanobelt
can be taken into account in a quasi two-dimensional nano-
material [12,16].

The formation pathway of our products is proposed: ini-
tially carbon from the decomposed ethanol was coated on
the surface of cylindrical channels to grow a continuously thin
film, which was then collapsed to form belt-like morphology
upon the removal of template. Similar results were reported
as applying a huge shear stress in multi-walled carbon nano-
tubes [17]. The radial deformation as a function of the diame-
ter of carbon nanotubes had been discussed earlier [18,19], but
the reported aspect-ratio (up to ~21) between tube diameter
and wall thickness used in calculation is still much smaller
than in our case (~100). It is noticed that there was an experi-
ment carried out by Yu et al., in which the products produced
by the decomposition of ethanol into the anodic alumina were
carbon nanotubes [20]. The nanotubes were 30 nm in diameter
and 5 nm in wall thickness. The ratio of diameter to wall thick-

ness is 6, which is smaller than that of our products (~100),
resulting in entirely distinct structures. In addition, various
carbon nanobelts can be simply achieved by employing tem-
plates with different sizes, as shown in Fig. S1.

Despite the quasi-2D nanobelts have been obtained, the
crystallinity of as-synthesized products is poor thus it seems
not good enough for developing electronic applications. In or-
der to improve the crystallinity, as-synthesized samples were
annealed at 800 °C and 2800 °C, respectively. XRD and Raman
data can be found in Fig. 4a and b. There is only one peak
exhibited in XRD patterns at 20 = 26.5°, which is assigned to
the (002) plane of graphite. The (002) diffraction peak of
nanobelts as-synthesized at 550 °C is tiny and cannot be dis-
tinguished from the background. After annealing at 800 °C, a
small but sharp peak appears. The peak becomes precipi-
tously strong after annealed at 2800 °C. The Ip/I; ratios esti-
mated from Raman spectra are 1.64 (550 °C as-synthesized
sample), 0.57 (800 °C annealed sample), and 0.04 (2800 °C an-
nealed sample), respectively. The Ip/Ig ratio of the sample
annealed at 800°C is lower than that evaluated from
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Fig. 3 - (a) The height image and (b) line-scan topography of a segmented nanobelt constructed by scanning probe
microscopy. The horizantal lines and the arrows in both figures indicate where the scanning was performed and where the
thickness of the sample was estimated, respectively. (c) Cross-sectional illustration of nanobelt shows its sizes and the ratio

between them.

conventional multi-walled carbon nanotubes (0.64). The D
band vanishes in the spectrum of 2800 °C annealed sample
as a result of good crystallinity.

The graphitization of annealed samples was examined un-
der EM observation. As shown in the inset of Fig. 4c, the nano-
belt annealed at 800°C exhibits a pair of obvious (002)
diffraction spots, indicating that the crystallinity of 800 °C an-
nealed sample is better than that without treatment. The
blurred rings in this figure can be assigned to (100) and (110)
planes, which cannot be seen in the inset of Fig. 2c. SEM
images of 800 °C annealed nanobelts can be found in Fig. S2.
Although the sample annealed at 2800 °C can fulfill even high-
er graphitization degree, but the belt-like materials will no
longer exist. Fig. S3 shows that the nanobelts have merged to-
gether after 2800°C treatment. The results suggest that
annealing at 800 °C accomplishes an optimization between
quasi-2D structure and crystallinity. A scheme in Fig. 4d illus-
trates the characteristic morphology of carbon nanobelt.

The nanobelts annealed at 800 °C were then used to inves-
tigate the electronic behaviors. The result of the field emis-

sion experiment in Fig. 5a shows that the turn-on voltage is
3.25 V/um. The value is estimated from the Fowler-Nordheim
plots, as shown in the inset. The current density is 350 nA/
cm? at a field of 5.6 V/um. Even through our samples are not
free-standing, the threshold voltage due to the strong edge
emitting effect is still lower than that of other quasi-2D nano-
carbons [14,21,22]. Long-term stability of our samples was
also examined [23], as shown in Fig. 5b. The current efficiency
did not obviously decay during 7 h operation, promising the
emission stability of nanobelts. The electron pattern and
the measurement process in detail are mentioned in Fig. S4.

4, Conclusions

Carbon nanobelts with various sizes could be synthesized by
thermal-decomposing ethanol on nanoporous alumina tem-
plates. The aspect-ratio of nanobelts is extremely high to be
1000:100:1 (length:width:thickness) and the thickness is only
5 nm. Such morphology can be taken into account in one kind
of quasi two-dimensional nanomaterials. The formation
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Fig. 4 - (a) XRD and (b) Raman spectra of as-synthesized and annealed nanobelts. The peaks in Raman spectra at 1360 cm '

and 1580 cm ! are assigned to the D band and G band, individually. An arrow points out where the shoulder at 1620 cm™* is
shown. (c) TEM image of the carbon nanobelt after annealing at 800 °C. (d) A scheme illustrating the structure of carbon

nanobelt.

(@ [— (b) 10
0.35} |18
T CTEE.N B N
= e -&-;20 . / = M
< ERafy s P |
E 025t = ™ E
e M : To.01f
0.20+ o 1 amm = = ® =
§ O Zaf b [ £
5 0.15f 0.002 0,004 0.006 0.008 ] 5 1E-3
s L 1/E (V/ tzm) / ©
g 0.10 o '5'15-4,.
/
5 0.05 g =
3 b 3 1E-5F
0.00 T ——————
L i 'l i L i 1 i 1 i 1E ¥ ~ I Lo s i s | Y Lo a sy Lo s L s | B 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
Applied electric field (V/ 1 m) Time (hours)

Fig. 5 - (a) The current density (J) versus applied electric field (E) characteristic and (b) emission stability of the carbon
nanobelts which being annealed at 800 °C. The inset in (a) shows the corresponding F-N plots.

mechanism was demonstrated to arise from the collapse of toward complete graphene structure. The turn-on voltage

nanotube with the large ratio of diameter to wall thickness obtained from field emitting experiment of the sample an-
(>100). nealed at 800 °C is 3.25 V/um, which is lower than many of
The crystallinity of nanobelts can be improved by thermal current quasi-2D nanocarbons. And long-term emission

treatment, but it needs further investigation to approach behavior shows stable efficiency. The high-aspect-ratio
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nanomaterial provides a feasible route toward development
of nanoelectronics.
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