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Abstract

High yields of graphitic conical nanofibres (5-70 nm OD; <5 pm long) are produced by pyrolysing palladium
precursors under Ar at 850-1000°C. The fibres exhibit diamond-shaped Pd particles at their tips, which are responsible
for the formation of stacked graphene cones (open, lampshade-type, or closed). The cones observed with apex angles of
ca. 30°, 50° and 70° can be explained by an open cone approach, which considers different chiralities. Due to the
presence of open edges (dangling bonds), we envisage that these novel nanofibres may find important applications in the
fabrication of field emitters, gas storage components and composites. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The identification of carbon nanotubes (CNTs)
[1] has propelled a new area of carbon nanoma-
terials, which is expected to have important im-
plications for the development of electronic
devices, flat panel displays, robust composites,
nano-switches, etc. [2-6]. These results prove that
carbon is very flexible and is able to form not only
CNTs (multi- or single-walled), but also fullerenes
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[7], graphitic onions [8], toroids [9], boxes [10], and
cones [11-13]. In this Letter we report a simple
route to synthesize a new type of graphitic conical
nanofibre by pyrolysing solid Pd compounds. Our
results also demonstrate that Pd can be used as an
efficient catalyst for the formation of carbon
nanostructures.

Early theoretical studies predicted the forma-
tion of graphitic cones [14,15]. Subsequently, iso-
lated graphitic cones were produced by carbon
condensation on a graphite substrate [11] and by
pyrolysis of heavy oils [12]. More recently, single-
walled aggregates of conical graphitic structures
have been prepared by laser ablation of graph-
ite targets [13]. In addition, conical structures
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consisting of other layered materials such as BN
have also been prepared by reacting boron oxide
vapours with multi-walled CNTs (MWCNTSs)
[16].

It has been shown that carbon fibres can be
efficiently produced by pyrolysing hydrocarbons
over metal catalysts such as Fe, Co and Ni [17,18].
These catalysts usually form carbides and have
been intensively used in the production of carbon
nanofibres, nanotubes [19-21] and Fe nanowires
[22,23]. It is noteworthy that pyrolytic methods are
advantageous when compared to arc-discharge
[24] and electrolysis techniques [25] because the
growth conditions and quality of the resulting
material can be controlled [26]. However, Pd has
not been used as a catalyst for the formation of
carbon nanofibres, possibly because it is reluctant
to form stable carbide phases. In this account, we
also demonstrate that Pd plays a crucial role in the
formation of a high yield of graphitic conical
nanofibres using a simple pyrolytic process. Cat-
alytic disproportionation of CO, using Ni sup-
ported on alumina-silica mixtures with different
H, amounts, can produce open edge graphitic
structures similar to stacked cone arrays [27]. Re-
cently, Lay,PdO; was used as a precursor in order
to produce Pd nanoparticles, and under certain
conditions, the authors noticed that carbon
nanofibres were also obtained. These experiments
were carried out under a controlled flux of CO and
He at 650°C, followed by long heat treatments and
tedious separation processes (e.g., isolation of
La,0; from the carbon nanostructures) [28]. It is
noteworthy that our conical fibres are produced in
the absence of toxic gases such as CO and other
impurities such as La.

The graphitic cones in our fibres exhibit apex
angles from 32° to 82°, which can be explained in
terms of open conical graphene sheets (lampshade-
type), have also been observed by Kiselev et al.
[29]. According to theoretical calculations, closed
graphene cones exhibit a charge transfer to the
pentagonal rings (at the caps) [30], which could be
important in the development of field emission
sources. However, open cones may exhibit en-
hanced field emission properties (caused by the
open edge sites) as well as Aharonov—Bohm
magnetic effects and magnetoconductance [31]. We

believe that localised states at the Fermi level (for
the open cones) may give rise to materials with
novel electronic and magnetic properties [32].

2. Experimental

The pyrolysis of Pd precursors was carried out
in the presence of Ar using a two-stage furnace
system coupled with temperature controllers [22].
Powders (10-50 mg) of palladium acetyl-acetonate
([CH3;COCH=C(O)CHs],Pd, Aldrich, 99%), pal-
ladium acetate ([CH;CO,},Pd, Aldrich, 98%) or
dichloro (1,5-cyclooctadiene) palladium (CsH;»,Cl,
Pd, Aldrich, 99%), were inserted in one end of a
quartz tube (80 cm long; 6 mm i.d.). Subsequently,
the tube was placed in a two-stage furnace and the
region containing the powder sample was located
outside the furnaces. Ar flows (5-15 cm?®/min)
were then passed through the tube and the two
furnaces were heated (50°C/min) to the set tem-
perature (from 450°C to 1050°C in 100°C steps).
At this temperature, the tube was moved so that
the region containing the powder was introduced
into the first furnace region. This promoted a fast
(<10 s) reaction, which caused the deposition of
carbonaceous materials in the region of the first
and the second furnaces. The furnaces were left
operating for an additional 15 min in order to
anneal the products.

Deposits scratched from the tube walls (both
furnaces) were then analysed using scanning elec-
tron microscopy (SEM; JEOL JSM-6335F oper-
ating at 3-15 kV and a Zeiss DSM 982 Gemini
operated at 1-2 kV). Minute amounts of the
powder samples (1-2 mg) were then dispersed ul-
trasonically (5-30 min) in 5 ml acetone, and a few
drops of the dispersions were placed on a holey
carbon grid for transmission electron microscopy
studies. High-resolution transmission electron mi-
croscopy (HRTEM) measurements were carried
out in a JEOL JEM-2010FEF operated at 200 kV
(equipped with an omega filter, a Gatan multiscan
camera and an energy dispersive X-ray — EDX —
Oxford Ins. detector), a JEOL JEM-4000 micro-
scope operating at 400 kV and a JEOL JEM-
3000F microscope operated at 300 kV (equipped
with an EDX Noran Ins. detector).
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Raman spectra were recorded at room temper-
ature under ambient conditions using a Renishaw
Raman Image Microscope System 1000 equipped
with a CCD multi-channel detector. The excitation
source consisted of an Ar-ion laser (514.5 nm). The
laser beam (0.8 um spot size) was focused on the
sample using an optical microscope (objective lens
of 100x). During spectra acquisition, the optical
power was maintained at 5 mW in order to avoid
any signal shifts of the spectra and sample damage
caused by local overheating. The scattered light
was collected in a backscattering configuration.
The peak frequencies of the Raman spectra were
determined by fitting the raw data with a Lo-
rentzian distribution function. The Raman spec-
tral lines were obtained with an accuracy
>42 cm~L.

3. Results and discussion

SEM and TEM studies reveal that the material
collected from the furnace consists of entangled
nanofibres exhibiting ‘diamond-shape’ metal par-
ticles at their tips (Fig. 1). These fibres seem to
grow radially from a common central site (Fig.
1b). From TEM observations, we find Pd multiple-
twinned clusters (some of them exhibit with deca-
hedral shapes), surrounded by disordered graphite
layers (Figs. 1, 3 and 4). We commonly observe
regions in which these Pd twin nanocrystals frag-
ment into ‘diamond-shape’ particles. Electron
diffraction (ED) patterns from these decahedral
twinned particles exhibit fivefold symmetry con-
taining the (111) (di11 =224 A) and (002)
(doo2 = 1.94 A) Pd planes, with the [1 1 0] direction
being the zone axis (Figs. le,f and 4c¢.,d).

For the three pyrolysed precursors, we noted
that large yields of nanofibres were favoured above
850°C, however, fibres start forming at 650°C. The
fibres exhibit diameters ranging from 5 to 70 nm
and lengths up to 5 um. TEM observations re-
vealed that all fibres exhibit stacked cone mor-
phologies (Figs. 1, 3 and 4) and a Pd particle
(detected by EDX and ED), firmly attached at the
tip, even after a 30 min sonication treatment. It is
noteworthy that all Pd particles in the fibres ex-
hibit triangular and diamond-like shapes.

The cone angles within different fibres have
been measured by ED, taking the fast Fourier
transform (FFT) of several micrographs. We ob-
served that angles between 32° and 82° were
mainly present. It is important to mention that
angles around 40°, 60° and 80° might correspond
to 240°, 180° and 120° disclinations in graphite
[16], respectively. From a theoretical standpoint,
closed graphene cones can be generated by intro-
ducing n=1 to 5 pentagonal carbon rings within
the hexagonal framework. Using this definition,
cone angles can take values given by: 0=
2 x arcsin(l — n/6) = 112.8°, 83.62°, 60°, 38.94°
and 19.188°. However, angles at ca. 30°, 50° and
70°, forbidden by the closed cone approach
[12,16], can only be explained in terms of an open
cone model. Thus, with an open apex, the cone
becomes less rigid and more possibilities for con-
ical graphitic geometries can be envisaged such as
the great variety of chiral configurations (Fig. 2).

Once the open cones are formed, their closure
can be achieved by introducing defects such as
pentagons. In our fibres, if the cones are closed, it
is likely that the final closure occurs at the apex.
Therefore, the open cone approach supports the
formation of our structures and explains the va-
riety of angles observed (Fig. 3).

High-energy electron irradiation studies at high
temperatures (not shown here) have demonstrated
that open cones can be closed, thus avoiding
dangling bonds and preserving the original cone
topology (conical angle). It is commonly observed
that at the opposite end of the conical fibres (op-
posite to the Pd triangular-shaped particle at the
tip), Pd clusters of round (not triangular) mor-
phologies appear. This observation suggests that
the carbon fragmentation/precipitation, and fibre
growth only occurs on the triangular (conical) Pd
particles. Moreover, broken nanofibres exhibiting
closed conical arrangements at the fibre ends (op-
posite to the Pd triangular particle; Fig. 4) are also
observed. From high-resolution TEM images, we
notice that the graphite cones always adopt the
shape of the conical catalyst particles.

According to our observations, the following
growth scenario (see Fig. 5) can be proposed: (i) At
850°C, Pd and carbon clusters form; (ii) Pd clus-
ters aggregate in order to create multiple-twinned
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Fig. 1. (a) SEM images of entangled Pd grown carbon nanofibres; (b) SEM image of entangled nanofibres (deposited on a TEM grid)
in which the arrows show conical Pd particles at the tips; (c) and (d) HRTEM images of typical Pd particles located at the tip of the
fibres (note the conical arrangement of graphene layers); (¢) and (f) ED patterns of the conical fibres close to the Pd tip particle. Note
that the (00 2) reflections of graphite form an ‘X’ shape, related to the cone apex angle. No preferred orientation between the graphene
and the Pd planes was observed. In (e) the Pd zone axis is [1 00], whereas in (f) the zone axis is [1 10].
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Fig. 2. Various types of open ‘graphitic’ cones with apex angles ca. 60° (lampshade structures): (a) open cone obtained by removing a
180° sector from a planar graphite sheet; (b) since the cone shown in (a) is open, one layer of hexagons (dark atoms) can be introduced
in order to modify the structure and symmetry; (c) three layers of hexagons have been added to the cone depicted in (a) (dark atoms);
(d) side view of (c) revealing the asymmetry of the cone with respect to the cone axis (frequently observed in the samples); (e) and (f) by
opening the cones [along the dark atoms in (a)], it is possible to form a chiral cone by sliding the edges, thus forming new structures

(note the different angle of the dark atoms).

particles (see also Fig. 4d), which can be either
decahedral or icosahedral; (iii) carbon species in-
teract with the hot Pd polygonal cluster and diffuse
along the exposed surface and between the grain
boundaries, thus fragmenting the twin crystals into
tetrahedral-like and diamond-shaped Pd particles;
(iv) carbon diffuses, on the exposed conical Pd

particles, and precipitates at the other end, thus
forming graphite cones; (v) carbon continues to
diffuse, creating ‘fresh’ cones, which displace the
previously formed cones by releasing stress be-
tween the cones and the Pd particle; (vi) the carbon
aggregation continues and the conical fibre is cre-
ated (Fig. 5).
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Fig. 3. (a) TEM image of various conical nanofibres exhibiting ‘diamond-shape’ Pd particles at the tips; (b) HRTEM image of an
individual fibre tip showing the Pd [1 0 0] and the graphite [0 0 2] planes, note that these planes do not show a clear epitaxial correlation;
(c)—(f) HRTEM images of Pd grown nanofibres exhibiting different conical morphologies. Note that the degree of graphitisation differs
from fibre to fibre. The tips of the individual cones are frequently ill-formed, and occasionally the cones are open.
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Fig. 4. (a) HRTEM image of a nanofibre showing a closed conical tip, which is located on the opposite side of the Pd catalyst; (b) a
nanofibre tip that lost the Pd catalyst particle, possibly by sonication treatment (see the conical interior); (¢) TEM image of a conical
nanofibre exhibiting a Pd ‘conical’ particle, which shows twinning in the interior (possibly caused by the fragmentation of larger Pd
particles exhibiting decahedral symmetry (shown in d); (d) Pd decahedral cluster with five fold symmetry (inset shows the ED pattern of
this particle); (e) X-ray powder diffraction pattern of the whole sample. The graphite 002 distance corresponds to 3.42 A and the Pd
corresponds to FCC Pd with a lattice parameter of 3.89 A (* corresponds to minute concentrations of SiO, phases, possibly arising
from the pyrolytic substrate); (f) Raman spectrum of the whole sample showing typical graphitic features and the presence of disorder.
For comparison, a highly ordered sample of MWCNTs obtained by pyrolysis of ferrocene is shown.



248 H. Terrones et al. | Chemical Physics Letters 343 (2001) 241-250

i i) TNV e
| .
B
Pd Cluster Cj CT B
i) iv)

Fig. 5. Possible growth mechanism for the conical nanofibres:
(1) Pd clusters form and aggregate in order to create multiple-
twinned particles (decahedral or icosahedral, see also Fig. 4d);
(ii) carbon species interact with the hot Pd polygonal cluster
and diffuse along the exposed surface and between the grain
boundaries, thus fragmenting the twin crystals into tetrahedral-
like and diamond-shaped Pd particles; (iii) carbon diffuses, on
the exposed conical Pd particles, and precipitates at the other
end, thus forming graphite cones; (iv—v) carbon continues to
diffuse, creating ‘fresh’ cones, which displace the previously
formed cones by releasing stress between the cones and the Pd
particle, thus creating the conical fibres.

A decahedral Pd(Ds,) twin can be formed by
introducing 10 distorted Pd tetrahedral crystals,
and an icosahedral (I,) twin should possess 20 of
these tetrahedra [33]. In this context, the Pd cata-
lyst initial shape might be related to these tetra-

hedral crystals whose faces and sharp edges are
suitable for carbon diffusion, thus forming the
graphene layers that mimic the shape of the cata-
lyst particle creating cones (note that Pd is reluc-
tant to form stable carbides and the diffusion is
likely to occur just on the surface). Subsequent
carbon deposition will cause the formation of ad-
ditional cones, which will push the particle up,
building in this way the fibre (Fig. 3). We believe
that a reshaping of the catalytic particle during the
growth process occurs because the exposed surface
always exhibits round morphologies, whereas the
interior is faceted, perhaps due to the temperature
gradient.

As explained previously, these cones can be ei-
ther open or closed depending on the healing
ability of graphite to eliminate dangling bonds at
the ends. Therefore, the cone angle and the mor-
phology of the fibre is imposed by the catalytic
particle and not by the apex of the cone, which has
been proposed for other closed conical graphites
and nitrogenated carbon nanofibres [11-13,34].

ED direct measurements using HRTEM mi-
crographs and FFT patterns from different regions
of the fibres, indicate that the distance loaetween
graphene layers varies from 3.38 to 3.54 A (aver-
age value of 3.45 A, which is close to that of tur-
bostratic graphite). On some occasions, the (100)
planes of graphite can be distinguished
(diooy = 0.21 nm). This observation may be
caused by the superposition of graphene cones
with an alternating AB... stacking. We envisage
that high-temperature thermal treatments would
possibly reorient the cones in order to exhibit in-
terlayer distances close to that of graphite (3.35 A).
Therefore, having a stacking similar to graphite
(AB...) can make these fibres more suitable for
the intercalation of different host species.

We have identified the composition of the metal
particles using ED, EDX and X-ray powder dif-
fraction techniques. The results clearly indicate the
presence of Pd (Fig. 4e) since the observed struc-
ture is similar to that of bulk Pd (FCC; lattice
parameter of 3.89 A). ED studies from these Pd
particles exhibit different crystallographic orienta-
tions: the [110], [100] and [1 1 1] zone axes were
identified as well as other arbitrary orientations.
ED patterns show that graphitic (002) planes can
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be parallel to the (111), (020) and (002) Pd
planes. This observation indicates that a preferred
orientation of the Pd planes with respect to the
graphite (00 2) does not take place. Nevertheless, a
detailed analysis is being carried out in order to
study the relationship between the orientation of
the Pd and graphene planes (Fig. 3b).

Electron energy loss spectra (EELS) on the
conical nanofibres reveal typical features of sp?
carbon, thus confirming their ‘graphitic’ nature.
The Raman spectrum exhibits the characteristic
features of graphitic structures, with a G-peak
centered at 1598.2 cm~! (1582.1 cm™! for ordered
MWCNTs obtained by pyrolysis of ferrocene
[22,35], see Fig. 4f) and the D-peak at
1348.2 cm™! (1352.5 cm™' for ordered MWCNTs
obtained by pyrolysis of ferrocene [22,35]). The
intensity ratio R (Ip/Ig) in our samples is ca.
0.847 (0.338 for highly-ordered MWCNTs ob-
tained by pyrolysis of ferrocene [22,35], though
this value can be lowered by the spray pyrolysis
method to ~0.232 [35]). These results indicate
that the concentric graphene cones of the fibres
possess more disorder (e.g., lack of straightness in
the graphene layer) when compared to other
MWCNTs obtained by pyrolysis. Heat treatment
at high temperatures (2500°C), will definitely en-
hance the straightness of the graphene conical
layers and will decrease the Ip/Ig ratio.

4. Conclusion

Conical graphitic nanofibres have been syn-
thesised by pyrolysing three different carbon-con-
tained palladium precursors in the temperature
range 850-1000°C. All fibres exhibit stacked cone
shape with conical palladium particles, firmly at-
tached, at their tips. The absence of nested cylin-
drical CNTs is also noteworthy. In these fibres, the
shape of the graphene layers is imposed by the
shape of the catalytic particle. The conical angles
observed in our study can be explained by invok-
ing an open cone approach, which provides more
possibilities for illustrating the structure of gra-
phitic cones. The cones within the fibres are held
together by van der Waals forces acting between
the graphene layers.

We envisage that these fibres may behave as
stable field emitters operating at low voltages.
Moreover, by using heavy grinding of this mate-
rial, it may be possible to fragment the fibres into
smaller cones. The structures also exhibit com-
partments between cones which may be advanta-
geous for gas storage. Palladium metal has proved
to be useful for H, storage; therefore, the metal at
the tips may well enhance the H, absorption.
Theoretical predictions on these novel lampshade
fibres may reveal intriguing electronic and mag-
netic effects. Moreover, this technique can be also
used to generate Pd clusters with a determined
shape and morphology, which may be advanta-
geous in catalysis.
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