Comparative study of herringbone and stacked-cup carbon nanofibers
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Due to their small size and their extraordinary physicochemical properties [1-3], much
attention has been paid to the interesting sp>based fibrous carbons, including carbon
nanotubes. It is generally accepted that carbon nanotubes consist of single or multiple
graphene sheets rolled into concentric cylinders: thus giving rise to single wall carbon
nanotubes (SWNTSs) or multi-walled carbon nanotubes (MWNTS) [4, 5]. Recently, we
described a new type of carbon nanofiber, “stacked-cup carbon nanofiber”, which
exhibited a unique morphology of stacked, truncated conical graphene layers (cups)
along the fiber length [6-8].

Previously, three different geometries of carbon nanofibers (e.g., platelet,



herringbone (or fish-bone), and tubular) were extensively investigated from the early
1970s to the present [9-16]. One of recently prominent study of platelet-type carbon
nanofibers using a scanning tunneling microscope (STM) in combined with high
resolution transmission electron microscope (HRTEM) have proved that platelet fibers
contains a nano-sized building blocks, or nano-rods [15].

Transmission electron microscope (TEM) technique has been considered to be
one of the most powerful tools for characterizing the microstructure of carbon
nanofibers. But, we should be very careful in obtaining structural information from
TEM pictures, since each image is actually a two-dimensional projection. For
example, consider the very similar TEM images which were obtained from stacked-cup
and herringbone carbon nanofibers (see Figure 1), which has often led to
misunderstanding of the microstructure of these catalytically grown carbon fibers.

In this study, by comparing stacked-cup and herringbone carbon nanofibers, we
will clarify the differences in microstructure (or texture) utilizing the published
experimental data and calculations (e.g., synthesis conditions, the status of metal
particles, macro-morphology etc.) [10, 14-16]. For any application, exact understanding
of fiber geometry is essential in order to control the properties of the carbon nanofibers
(e.g., diameter, length, mechanical strength and surface structure (e.g., edge sites)).

Basic common thing of these fibers is that they are generally prepared by a
catalytic chemical vapor deposition method (CVD). When compared to the
arc-discharge and laser ablation methods, the CVD technique is a very controllable,
cost-effective technique. Furthermore, this technique has been adopted as the most
useful technique for large-scale production of carbon nanotubes. Basic pre-conditions

for synthesizing carbon nanotubes are metal catalyst, carbon precursor and thermal



energy. Therefore, right combination of these three components makes it possible to
selectively synthesize various types of carbon nanotubes, ranging from SWNTs and
MWNTs to carbon nanofibers [6, 17, 18]. Most important factor for controlling the
growth and therefore the properties of fibrous carbons are the nano-sized metal catalysts
[9], which must catalytically decompose the carbon feedstock and provide relatively
high carbon solubility. Since nano-sized metal particles with high ratio of the surface
atom to internal atom are expected to exhibit high surface energy, area, and mobility,
lowered melting point and increased carbon solubility, they consequently exhibit a
different metal-carbon phase diagram compared to bulk metal. Thus, understanding the
status of the metal particle during fiber growth is highly critical for obtaining
geometrical information about the fiber. Empirically, we can infer that the metal
particles responsible for the growth of stacked-cup nanofibers are in the molten-state,
when considering the size distribution of metal particles (which is roughly related to the
diameter distribution of fibrous carbon) with reaction conditions (including temperature
and types of carbon feed stock) (see Table 1) [19] whereas those of herringbone
nanofibers are in the solid state during fiber growth. Therefore, the diffusion-controlled
growth rates of stacked-cup carbon nanofibers are significantly higher than those of
herringbone type carbon nanofibers. It is noteworthy that the duration of fiber growth
for metal particles in the reaction chamber for the case of stacked-cup carbon nanofiber
is as short as 0.3 seconds. Moreover, the abundant metal particles incorporated in the
hollow core of carbon nanofibers (see Figure 2) strongly suggest a molten state for the
metal particles during fiber growth because of capillary forces [20]. As a result, molten
metal particles give rise to straight fibers with a round cross-section (see Figure 3 in ref

[8]) and a large hollow core (up to 60nm) (see Figure 2 in ref. [8]). On the other hand,



considering the Kinetic and thermodynamic factors limiting effective CO
disproportionation reactions at 500-700°C at atmospheric pressure, it is reasonable that
metal particles in herringbone carbon nanofibers are in the solid state. This assumption
is strongly supported by the fact that the cross-sectional morphology of herringbone
type fibers is rectangular, hexagonal and heptagonal rather than circular because the
nanofiber growth is considered to be the result of replication of the shape of catalytic
metal particle at the tip of the carbon fiber [15].

Differences in geometries between stacked-cup carbon nanofibers and
herringbone carbon nanofibers are thus basically derived from their different growth
modes due to their molten or solid state of their metal catalyst particles. These result in
different surface, physical and chemical properties. Hence, the factors summarized in
Table 1 are not independent, but rather interdependent. The relatively rugged surfaces
and wavy fibrous morphology of herringbone type carbon nanofiber result in a higher
surface area which can be explained by the slow diffusion-controlled growth rate of
carbon within the solid metal catalyst. From the geometrical features of both fibers (see
Figure 1), it is sure that both fibers exhibit higher active surface area (ASA) [21], which
can be defined as accessible and reactive sites (e.g., the edges of the graphene layers) of
conventional carbon materials [21]. The lower surface area and ASA (3-5 m?/g) for
stacked-cup nanofiber is attributed to a smooth surface formed by the deposited carbon
during nanofiber growth, which is an inevitable consequence of CVD process at higher
reaction temperature. Therefore, by selecting the duration, temperature and time
judiciously we can control the thickness of the deposited carbon [6] which manifests
itself in TEM as small fringes roughly aligned along the fiber length. This layer acts as a

protective layer, resulting in improved mechanical properties of single fibers. On the



other hand, even though herringbone fibers showed two times larger ASA (8-10 m?/g),
but is quite low as we expected. Therefore, it is expected that highly reactive edge sites
on the outer surfaces of nanofibers are stabilized through the bent morphology, and
chemical and physical sorption of water. When considering application of these fibers as
filler in various composites, macro-morphology will be the determining factor for
dispersion. In this sense, herringbone fibers will require great care during compounding
because a compromise between dispersion and shortening phenomena must be reached.
Even though both fibers have two important common aspects: (1) growth by
the catalytic chemical vapor deposition method and (2) very similar TEM images (with
stacked graphene layers tilted with respect to the fiber axis) (see Figure 2), they have
different textures and different physical and chemical properties, finally resulting in
different applications. It is noteworthy that the status of metal particles during fiber
growth is an essential step for determining microstructure and consequently for

applications of these fibrous carbons.

Table 1 Comparative summary of characteristics of stacked-cup and herringbone carbon

nanofibers.

I.D. Stacked-cup NF Herringbone type NF
Synthetic system Floating reactant system  Seeding system

Synthetic temp. Above 900°C Ca. 600°C

Reaction time 2 0.3 second Above 30 minutes (up to 2hrs)
Carbon feedstock Methane (or natural gas)  Carbon monoxide

Growth rate \ery high Low

Diameter ¥ 50-150 nm 20-100 nm (?)




Length ¥

Up to 200 um (average =

30pum)

50 pum (?)

Fiber morphology

Relatively linear

Not linear (wavy)

Hollow core (canal)

Very large (up to 60%)

No or small sized

Cross sectional
Circular Rectangular et al
morphology
Surface Relatively smooth Not smooth
Specific  surface area
50-80 100-150
(BET) (m?/g)
Active surface area (m*/g) 3-5 8-10
Relatively loosely packed Closely packed

Aggregate (50-100um) ©

morphology

macro-morphology "

Deposited carbon

Large layer of deposited

carbon ®

No deposited carbon

U'Seeding system = template method or bulk state of catalyst

2 Reaction time indicates the growth duration time of catalyst in the reaction chamber

) Basically, the seeding system is more controllable and exhibits high reproducibility.

On the other hand, the floating system induces large variation of diameter and also

length.

“Tibbetts explained why fibrous carbon above 900°C exhibit circular cross-sectional

morphology [21].

®Hexagonal and pentagonal types of nanofibers can be formed. The cross sectional

morphology is strongly dependent on the reaction temperature.

®This characteristic is closely related to ease of compounding with polymers. The shear



forces for homogeneous dispersion in a polymer will be different. Resultantly,
shortening patterns in compounding process will be different.
'Fiber growth in confined space induces closely packed morphology of nanofibers
®The kinetics of carbon deposition (coating or thermal cracking of carbon feedstock)
increases abruptly when the reaction temperature is above 900°C. For the case of

stacked-cup carbon nanofibers, this phenomenon is unavoidable.
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Figure Captions

Figure 1 (a), (c) Atomic models of stacked-cup and herringbone carbon nanofibers, (b)
and (d) their respective TEM simulated images for atomic model (a JEM2000 (TEM
simulation), electron energy = 200 kV, spherical aberration = 2.7 mm, aperture radius =
0.71/A, defocus = -60 nm). Both nanofibers exhibited very similar TEM simulated
images. Furthermore, stacked-cup carbon nanofibers show a round cross-sectional
morphology while herringbone type carbon nanofibers exhibit a rectangular

cross-sectional morphology.

Figure 2 (a), (b) HRTEM images of metal particles in the hollow cores of stacked-cup

carbon nanofibers.
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