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ABSTRACT We report a catalyst-free synthesis of cantilevered carbon nanosheet extensions, or petals, from graphite fibers by
microwave plasma CVD. Results reveal that the petals grow from the fiber surface layers while preserving graphitic continuity from
fiber to the petals. Subtraction of Raman signatures from pristine and decorated fibers reveals a convolution of two underlying peaks
at 2687 and 2727 cm-1 that are consistent with profiles of multilayer graphene flakes between 5 and 25 layers. Such structures offer
the possibility of minimizing interfacial losses in transport applications, improved interactions with surrounding matrix materials in
composites, and a route toward substrate independence for device applications.
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INTRODUCTION

Spatially confined forms of crystalline carbon materials
(e.g., carbon nanotubes, graphene) possess unique
and intriguing electronic, mechanical, thermal, and

chemical properties (1, 2). To serve useful functions, these
materials must be connected to larger-scale elements, and
often, these mesoscopic interfaces become the critical fac-
tors in the performance of these materials. For example, the
behavior of carbon nanotube transistors is largely dictated
by their metallic source and drain contacts (3). Similarly,
thermal resistance across carbon nanotube arrays is domi-
nated by their interfaces to bulk elements (4, 5), and the
efficacy of carbon nanotube additives for structural rein-
forcement of composites has been shown to be limited by
their poor interactions with surrounding matrix resins (6).
Graphene has recently received attention as a promising
composite additive (7, 8) and as an electronic device element
(9, 10), in part because its electronic structure is less sensitive
to lattice orientation as compared to single-walled carbon
nanotubes, which require a high degree of chirality control
(3). However, the electronic structure of graphene can be
strongly influenced by substrate interactions (11, 12), which
ideally would be avoided through the creation of suspended
graphene structures. In this paper, we report a graphene

synthesis approach that addresses the issues of edge inter-
connection and substrate interactions through the synthesis
of cantilevered multilayer graphene sheet- or petal-like
outgrowths that are seeded from a core graphite fiber. The
resulting structures offer the possibility of minimizing inter-
facial losses in transport applications, improved interactions
with surrounding matrix materials in composites, and a
route toward substrate independence for device applications.

Plasma-enhanced chemical vapor deposition (PECVD)
has been widely used for the growth of different carbon
nanostructures such as carbon nanotubes (13), carbon
nanosheets (12, 14, 15), and diamond films (16). Microwave
plasma CVD (MPCVD) was recently used to grow vertically
oriented graphene on a variety of substrates (17), and
graphite flakes have been deposited on the walls of a
stainless steel microwave MPCVD chamber (18). DC arc
discharge of graphitic electrodes has also been shown to
yield petal-like graphite sheets (19). Mixtures of H2 and He
suitably proportioned in an arc discharge can also be used
to improve graphene growth (20), with the hypothesis that
H2 serves to terminate the dangling bonds in the evaporated
graphite thereby preventing it to form closed structures such
as CNTs.

The main advantage of the method discussed in the
present paper, apart from not requiring metal catalysts to
drive growth, is that heterojunctions do not exist between
graphene and the underlying substrate-in this case a graphite
fiber. In prior work, carbon nanotubes have been used in
conjunction with graphite fibers to improve mechanical
composite properties (21), and carbon nanosheets without
fibers have been shown to enhance the thermal properties
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of epoxies substantially (22). In the present work, the fiber
substrate itself provides sites for nucleation of the graphite
petals. This type of contiguous monolithic growth is expected
to lead to a significant improvement in mechanical and
transport properties of the fibers when used in composite
or device applications. Homojunctions avoid internal stresses
arising from the mismatch of lattice parameters and forma-
tion of intermediate amorphous or carbide phases (23), such
that weak bonds and interfacial resistances do not form. For
example, such petal-decorated fibers are expected to im-
prove the strength and integrity of interfaces between the
fiber and polymer matrix in bulk composites (6).

Many different forms of graphite fibers exist and are
commonly used as strengthening agents in composites
(24). Highly graphitized fibers, such as Cytec’s P100, made
from melt-spun liquid crystal mesophase pitch (25) exhibit
numerous desirable mechanical, electrical and thermal prop-
erties. They are exceptionally stiff (high tensile and com-
pressive modulus), usefully strong (moderate tensile and
compression strength), and have moderately to very high
electrical and thermal conductivities (26). Unfortunately,
their structure consisting of stacked multiple crystals of
graphite basal planes (27, 28) render them unable to transfer
these desirable properties from fiber to fiber (29). Highly
graphitic fibers, such as P100, primarily present the normal
to the graphite basal planes on their surfaces (27, 29).
Because chemical modification and functionalization of the
basal planes is almost impossible, use of the fibers in a bulk
composite results in poor effective material properties (27).
Numerous attempts to modify the surfaces of graphite fibers
by chemical and plasma means have resulted in modest
success (29, 30). One relatively promising approach involves
the use of oxygen plasma (29), which removes folded
graphite basal planes at the fiber surface and implants
oxygenated groups. This approach moderately improves the
mechanical properties of composites using graphite fibers,
but it has not been shown to improve thermal or electrical
properties.

RESULTS AND DISCUSSION
P100 graphite fibers of 10 µm diameter elevated 6 mm

above a Mo puck were subjected to MPCVD conditions of
H2 (50 sccm) and CH4 (10 sccm) as the primary feed gases
at 30 Torr total pressure and 700 W plasma power; further
details of the synthesis process are provided as Supporting
Information. Figure 1 contains several SEM images of carbon
fibers. In Figure 1a, which corresponds to 10 min growth
duration, petal-like outgrowths are clearly apparent, and the
predominant two-dimensional orientation appears to lie in
the plane normal to the fiber surface and oriented along the
fiber’s axis. The inset of Figure 1a shows a pristine carbon
fiber without any pretreatment to illustrate the relatively
smooth surface of the fiber before growth.

Figure 1b corresponds to 30 min of growth time and
illustrates the continued growth of the petals, which retain
a general orientation along the fiber’s axis. The petals have
grown approximately 500 nm out from the surface, and the
typical span width of a single unwrinkled two-dimensional

grain is approximately 250-1000 nm (see inset in Figure
1b). Further, the growth appears to be of microscopically
uniform density both axially and circumferentially. Figure
1c shows the growth carried out in the absence of oxygen.
Though uniform growth occurs, the petals are less oriented
to the fiber axis and appear to be thicker.

We note that elevation of the fibers above the Mo puck
was found to be essential to the growth process, as place-
ment of fibers directly on the puck surface resulted in no
significant growth. This elevation resulted in a marked
increase in the intensity of visible thermal radiation from the
fiber surface. Presumably, the enhanced electric field near
the elevated fibers results in an increased flux of plasma

FIGURE 1. SEM images of the graphene outgrowth on carbon fiber
carried out for different growth durations in the presence of oxygen:
(a) 10 min with inset showing pristine fiber and (b) 30 min with inset
showing a magnified image. (c) Growth without oxygen for 30 min.
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radicals. Such influx would increase fiber temperature.
Based on measurements recorded by a dual-wavelength
pyrometer (Williamson PRO 92), the fiber temperature
during growth is estimated to be approximately 1650 K as
detailed in the Supporting Information. The likely mecha-
nism of petal growth involves deposition of hydrocarbon
radicals at or near the exposed surface graphene edges,
which may be accentuated by the hydrogen-oxygen plasma
pretreatment. According to Petherbridge et al. (31) and
supported by recent work by Garg et al. (32), the critical
factor in determining the preference for diamond sp3 lattice
structures or graphene sp2 structures upon deposition is the
ratio of atomic hydrogen to acetylene in the plasma mixture.
The present deposition pressure and plasma power condi-
tions are similar to those that produce diamond growth (33),
but the gas composition is more similar to that for carbon
nanotube growth (13) and is expected to be the most
significant factor in determining the hydrogen:acetylene
ratio. Further elucidation of the growth mechanism will
require detailed plasma diagnostics experiments, which are
ongoing.

A focused ion beam (FIB) microscope was employed to
prepare the TEM specimens in order to analyze the cross-
sectional microstructure of petal-decorated graphite fibers,
as shown in Figure 2a. To protect the fiber surfaces from
bombardment, we deposited a Pt protection cap of 2 µm
thickness on the top surface using a gas injection system
under e-beam irradiation. Well-aligned graphite layers of
0.34 nm spacing were revealed in the graphite fiber parallel
to its axis direction, indicating that the original fiber micro-
structure was preserved during MPCVD growth. The petal

outgrowths appear to be 5-15 nm in width (see Figure 2b),
representing up to dozens of graphene layers. Neither
significant disruption to the atomic arrangement of graphite
layers nor disordered amorphous regions are apparent in the
fiber/petal interface. Therefore, the growth mechanism ap-
pears to involve sprouting and branching of petals from the
superficial graphite fiber surface layers while maintaining the
continuity of graphite structure from the fiber to petals (see
Figure 2c,d).

Raman spectra of (i) a pristine carbon fiber and (ii) a
carbon fiber with a petal-decorated surface recorded in a
backscattering arrangement, under 532 nm laser excitation
at 8 mW power (34), are shown in Figure 3a. Raman
spectroscopy gives rich microscopic information of the
various all-carbon allotropes. In the case of graphitic carbon,
Raman spectra present several characteristic bands: a G
band near 1580 cm-1, a D band near 1350 cm-1, a 2D band
near 2700 cm-1, and a weak D′ feature near 1620 cm-1 and
its 2D′ overtone near 3240 cm-1. Though first-order Raman
processes look at only the Brillouin Zone (BZ) center phonons,
the D band has been associated with defect-mediated
phonons near the BZ edge (near K-point), and a finite 2D
band intensity exists even if the D band does not. The
Raman spectra of graphene has been used as a fingerprint
of the number of layers using the G band position and I(G)/
I(2D) ratio (35-37) and more recently through the 2D band
position and shape (11). The intensity of the D band also
correlates to defect density (11).

The observed Raman spectra of the pristine fiber spec-
trum (i) in Figure 3a with an I(D)/I(G) ratio of 0.084 is
consistent with those observed from similar carbon fibers

FIGURE 2. Electron microscope images of (a) the cross-sectional microstructure of petal-decorated graphite fibers by SEM, (b) low-resolution
TEM images showing petals of 5-15 nm in width, (c) and (d) magnified TEM images of the fiber/petal interface showing neither significant
disruption to the atomic arrangement of petal layers nor disordered amorphous regions at the interface.
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(38, 39) and suggests that the carbon fibers are not fully
graphitized (39). The Raman spectrum from the decorated
fiber, shown in the lower spectrum (ii) of Figure 3a, is
dominated by three strong bands (along with the other weak
expected bands): D band at 1346 cm-1, G band at 1582
cm-1, and 2D band at 2700 cm-1. The I(D)/I(G) ratio in-
creased markedly to 0.28 after petal growth, and this ratio
is similar to that reported for few-layer graphene (FLG)
grown by plasma enhanced CVD techniques with I(D)/I(G)
ratios between 0.2 and 0.3 (17, 23). The enhanced D band
intensity is likely the result of defects arising from crack
formation in graphene layers due to differences in substrate
adhesion; these cracks then serve as sites for additional growth
and folding of the graphene sheets. Also, increases in the 2D
band’s width and its intensity relative to the G band upon petal
decoration are consistent the formation of FLG (11).

Given that the Raman spectra in Figure 3a are generally
similar and that the lower spectrum (ii) is a convolution of
both underlying carbon fiber and its surface, we have
subtracted the two curves, and the result is shown in Figure
3b. The feature in the region near 2700 cm-1 becomes more
clearly the convolution of two underlying peaks at 2687 and
2727 cm-1, and is consistent with profiles of FLG flakes
between 5 and 25 layers (11). The TEM images in Figure 2
reveal a diversity of petal thicknesses that are expected to
produce a similar composite Raman signature in this region.
Further the I(D)/I(G) and I(G)/I(2D) ratios suggest the pres-
ence of a FLG with large defect density, but the values are
very similar to those produced by plasma PECVD techniques
(17, 23).

X-ray photoelectron spectroscopy (XPS) analysis was
performed to determine the different forms of carbon spe-
cies. Figure 4 shows the core level C(1s) spectra recorded
for the fibers before and after the growth. The shape peak
(Figure 4a) at 284.6 eV corresponds to CdC graphitic species
as reported (40). The spectrum after the growth process

looks quite similar to the pristine fiber itself, with a shape
peak at 284.6 eV with no peaks at higher binding energies.
Peaks due to C-O species (286.6 eV), CdO species (287.9
eV), or the defect sp3 C-C species (286.6 eV) are clearly
absent (41, 42) indicating the purity of the grown flakes. The
core level spectra recorded for oxygen (data not presented)
is also quite similar, indicating that the introduction of
oxygen for pretreatment and during the growth does not
affect the quality of the graphitic species. Similar to Raman
measurements, XPS analysis also supports the carbon
nanosheets outgrowth to be graphitic species and devoid of
sp3 species.

CONCLUSION
In conclusion, we report the growth of contiguous petals

from graphite fibers by microwave plasma CVD without the
use of catalyst. Atomic-scale imaging reveals continuity of
graphene planes in the transition region from fiber to petal,
suggesting that the outgrowths should exhibit good mechan-
ical integrity and transport at interfaces. Important contribu-
tors to this result appear to include electric field enhance-
ment in the plasma growth environment and the addition
of a trace amount of oxygen to the gas mixture. Studies are
ongoing to discern and optimize the associated thermo-
chemical processes. The structures reported herein may find
applications in composite materials for structural and/or
thermal enhancement, fluid filters, suspended graphene
films between fibers for new electronic device structures,
efficient electron emitters, and biological or chemical
electrodes.
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Supporting Information Available: Details of synthesis
and characterization tools employed; AFM data along with
SEM images of growth near the tip of the fiber and on other

FIGURE 3. (a) Raman spectra of carbon fiber (i) before growth and
(ii) after 30 min of growth duration showing few layers of graphene.
(b) Raman spectra obtained after subtracting the two spectra in a,
namely, ii - i.

FIGURE 4. X-ray photoelectron core level C(1s) spectra of carbon
fiber (a) before and (b) after 30 min of growth duration.
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carbon substrates (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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