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Nanocrystalline graphite films were synthesized on carbon fibers by the direct current discharge plasma chemical
vapor deposition method. The morphology and microstructure of the obtained products were characterized
by scanning electron microscopy, Raman spectroscopy, and transmission and high-resolution transmission
electron microscopy. The results showed that the size and thickness of graphite nanosheets were about 0.3-2
µm and 5-20 nm, respectively, and the purity and graphitization degree of the films can be improved by
increasing the deposition time of graphite nanosheets. The down-shift of the G peak in Raman spectra can be
attributed to the temperature differences of samples heating by laser radiation. In comparison with the products
grown on silicon substrate under similar experimental parameters, carbon fiber substrate is more favorable
for the deposition of graphite structure.

1. Introduction

Graphite is a widely used material that has been intensively
investigated theoretically and experimentally because of its
exceptional physical and chemical properties.1–5 Both carbon
nanotubes (CNTs) and various forms of graphite (graphite
nanosheets, graphite nanowalls, and so on) can be good
candidates for field emission displays and other nanoelectronic
devices due to the excellent performance of electron emission
and electron transport.6–9 Especially, graphite thin films of
nanometer thickness have been theoretically predicted to have
an unconventional electronic structure of the edge of states and
a possible superconducting instability.10–12 Moreover, the high
surface-to-volume ratio and sharp edge of graphite nanosheets
are attractive for fuel cells, high performance capacitors, and
micro- and nanoelectronic technologies.13,14

Recently, nanocrystalline graphite (NCG) films have been
typically prepared by the chemical vapor deposition (CVD)
method on a variety of substrates, such as Si, SiO2, Al2O3, and
different metallic substrates.9,15–21 However, nothing has been
reported about the synthesis of graphite nanosheet films on
carbon fiber substrate. Synthesizing NCG films on carbon-based
substrates may improve the properties and broaden the applica-
tions of graphite nanosheets. In our previous work, graphite
nanosheets have been deposited on CNTs by the microwave
plasma-enhanced CVD method,22 and different carbon nano-
materials (including CNTs, submicrotubes, and other carbon
nanomaterials) have also been synthesized on carbon fibers by

the floating catalyst method.23 Carbon fibers-based C/C com-
posites have potential applications in many fields. For example,
the previous reports have indicated that carbon fibers-based C/C
composites could further enhance the mechanical properties of
composites, and the micro- and nanocomposites could enhance
the interfacial bonding between polymer and carbon fibers.24–26

Especially, carbon fibers are electrically conductive with high
porosity, and NCG films have high surface-to-volume ratio and
high porosity. The NCG films grown on carbon fibers can have
potential applications as electrode materials in electrochemical
fields (like fuel cells, sensors, capacitors, etc), and as hydrogen
storage materials and catalysts in cleaning energy sources and
protecting surroundings and so forth. Furthermore, carbon fibers-
based C/C composites can have some advantages in nanoelec-
tronic device applications. First, a carbon fiber substrate has
the characteristics of electrical conductivity and chemical
stability, which can improve the stability of nanoelectronic
devices. Second, carbon fibers and carbon nanomaterials have
similar structures, which can decrease the touch resistance and
is favorable for electron transport. Third, carbon fibers-based
composites can simplify the fabrication process, and decrease
the fabrication cost of nanoelectronic devices, because carbon
fibers-based composites can be operated conveniently. It is
generally known that catalyst, reactor temperature, gas species,
and gas composition are essential for the CVD growth of CNTs
and other carbon nanomaterials. However, because of the similar
structures between the substrate and the products, the charac-
teristics of carbon fiber substrate are also responsible for the
growth of carbon nanomaterials (CNTs, graphite nanosheets,
nanodiamonds, and so on), besides the experimental parameters.
Therefore, it is interesting for synthesizing carbon nanomaterials
on carbon-based substrates, which is helpful for understanding
the interfacial transition between different carbon-based materials.
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In this paper, we report the preparation of NCG films on
carbon fiber substrate by the direct current discharge plasma
CVD (DC-PCVD) method. We study the morphology and
microstructure of NCG films by scanning electron microscopy
(SEM), Raman spectroscopy, transmission electron micro-
scopy (TEM), and high-resolution transmission electron mi-
croscopy (HRTEM). Finally, we discuss the effect of carbon
fiber substrate on the deposition of NCG films, compared with
the products grown on silicon substrate under similar experi-
mental conditions.

2. Experimental Section

The schematic diagram of the DC-PCVD system for the
deposition of NCG films is shown in Figure 1. The Ta cathode
was linked with a high-voltage DC power supply, and the Cu
anode was connected with the ground. The diameter of the
cathode and the anode is 70 and 100 mm, respectively. The
cathode-anode spacing was about 5 cm, and plasma glow
discharge was produced in the zone between the cathode and
the anode. Three Mo flakes one above the other were placed
onto the Cu anode. From above to below, the diameter of the
three Mo flakes is 40, 50, and 50 mm, respectively, and the
carbon fiber substrate was placed onto the Mo flake with a
diameter of 40 mm. The carbon fibers used in the experiment
are polyvinyl alcohol (PVA)-based activated carbon fibers with
a diameter range from 5 to 10 µm, which were purchased from
Shanxi Institute of Coal Chemistry, Chinese Academy of
Sciences. They were prepared from PVA fibers through the
following steps: dehydration, heat-treatment, preoxidation,
carbonization, and activation. The SEM image of carbon fibers
is shown in the inset of Figure 3a.

Before the deposition of NCG films, carbon fibers were
ultrasonically cleaned in deionized water, acetone, and ethanol
for 5 min, respectively, and the surfaces were functionalized
by immersion treatment in the solution of H2SO4/HNO3 (1:3
v/v) for about 30 min. The bundles of carbon fibers were
dispersed, and were laid onto the small Mo flake. Then the
smaller Mo flake was carefully placed on the two larger Mo
flakes, which were linked with the Cu anode. The reactor
chamber was shut off, and then was pumped by a mechanical
pump. When the chamber pressure was pumped out to below
6.0 × 10-2 Pa, H2 gas with a flow rate of 300 sccm was
introduced to produce glow discharge. The glow discharge was

maintained, and the surface of carbon fibers was treated by
hydrogen plasma for 30 min. Then CH4 and Ar gases were
introduced into the chamber, and the flow ratio of the CH4/Ar/
H2 was controlled to be 10/70/30 sccm. The temperature of
carbon fiber surfaces was adjusted by DC voltage, current, and
chamber pressure, and was measured by an infrared temperature
sensor. The infrared temperature sensor was fixed in front of
the observation window and the lens was aimed at the carbon
fibers, then the surface temperature of the carbon fibers was
detected. When the DC voltage, current, and chamber pressure
were 400 V, 3.1 A, and 6.3 × 103 Pa, respectively, the surface
temperature of carbon fibers reached 973 K. Then the NCG films
were deposited on the surfaces of carbon fibers, and the
deposition time was about 0.5 and 2 h, respectively. Finally,
the gas valves and the power supply were shut off, and the
chamber pressure was pumped out to below 6 × 10-2 Pa.

The morphology of the obtained products was characterized
by scanning electron microscope (Hitachi S-4800) operated with
an accelerating voltage of 20 kV. The microstructure was
characterized by transmission and high-resolution transmission
electron microscope (Tecnai F 30) operated with an accelerating
voltage of 300 kV and Raman spectrometer (Renishaw inVia)
at a laser wavelength of 514.5 nm from an Ar+ laser.

3. Results and Discussion

Figure 2 shows the SEM images of NCG films grown on
carbon fiber substrate for 30 min. As shown in Figure 2a, the
surfaces of carbon fibers are covered by porous NCG films, and
the diameters of carbon fibers are about 9 µm. In comparison
with the diameter of pure carbon fibers shown in the inset of
Figure 3a, it can be estimated that the thickness of NCG films
grown on the surface of carbon fibers for 0.5 h is about 500
nm. In Figure 2b, it can be observed that the NCG thin film
consists of petal-like graphite nanosheets. The sizes of nanosheets
are about 300 nm and the thickness is below 20 nm, but the
edge of nanosheets is very sharp.

Figure 3 shows the SEM images of NCG films grown on
carbon fiber substrate for 2 h. As seen in the inset of Figure 3a,
the diameters of pure carbon fibers are about 8 µm. However,
after NCG films were grown on the surface of carbon fibers for
2 h, the diameters are increased to 40-60 µm as shown in Figure
3a. It can be estimated that the thickness of NCG films grown
on the surface of carbon fibers for 2 h is about 15-25 µm. In
Figure 3b, it can be observed that NCG films consist of clusters
of petal-like graphite nanosheets. In panels c and d of Figure 3,

Figure 1. Schematic diagram of the DC-PCVD system for the
deposition of NCG films.

Figure 2. Low-resolution (a) and high-resolution (b) SEM images of
NCG films grown on carbon fiber substrate for 0.5 h.
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the high-resolution SEM images of NCG films show that the
sizes of nanosheets are about 1-2 µm, and the thickness is
below 15 nm. In comparison with the NCG films grown on
carbon fibers for 0.5 h, it can be concluded that the growth rate
was slow at the initial deposition stage of NCG films, but the
films can quickly grow after it is deposited for 0.5 h.
Furthermore, along with the increase of deposition time, the
sizes of graphite nanosheets get larger, but the thickness gets
thinner. On the basis of the above results, the growth rates of
NCG films can be estimated to be about 1 and 10 µm/h for the
deposition time of 0.5 and 2 h, respectively. The difference of
growth rates at different deposition stages of NCG films may
be attributed to the nucleation and the growth of graphite
nanosheets. At the initial stage of deposition, NCGs nucleated
on the surface of carbon fibers, because the surface defects and
functionalized groups of carbon fibers formed by the acid
immersion and the hydrogen plasma treatment provided the
growth sites of NCGs. At the second stage, NCGs can nucleate
again, and then quickly grow on the NCG nucleation. The
graphite nanosheets deposited at the initial stage provided
considerable growth sites for the growth of NCG films.

The NCG films grown on carbon fibers have been analyzed
by Raman spectroscopy. Figure 4 shows the typical Raman
spectra of carbon fibers and NCG films grown on carbon fibers
for 0.5 and 2 h, respectively. The G band at about 1570-1600
cm-1 corresponds to an E2g mode of graphite, which is due to
the sp2-bonded carbon atoms in a two-dimensional hexagonal
graphitic layer, and the D band at about 1350 cm-1 is associated
with the presence of defects in the hexagonal graphitic layers,
which are similar to the typical Raman spectra of CNTs.27–31

Furthermore, the G band is accompanied by a weak shoulder
peak at about 1620 cm-1, which can be observed due to the
breakdown of translational and local lattice symmetries of
graphite. The 1620 cm-1 band is related to the presence of the
crystalline edge, and is also associated with the presence of
defects in the lattice and originates from a double resonance
process involving q ≈ 2k phonons close to the Brillouin zone
center.32–34 As seen in Figure 4, two broad bands are present in
the Raman spectra of untreated and treated carbon fibers.
However, after NCG films are grown on carbon fibers, the D
and G bands of Raman spectra become narrower and sharper
due to the increase of graphite contribution to the products.
Furthermore, the intensity ratio of the D peak to the G peak
indicates the graphitization degree and purity of CNTs and
graphite materials.35 On the basis of the Raman spectra, the ID/
IG of untreated and treated carbon fibers and NCG films grown
on carbon fibers for 0.5 and 2 h can be estimated to be about
0.698, 0.839, 0.299, and 0.255, respectively. The difference of
ID/IG ratio may be explained by the differences between different
graphite material contributions. Before the deposition of NCG
films, the carbon fibers were immersed in the solution of H2SO4/
HNO3, and were etched by hydrogen plasma. The immersion
and etching treatment may increase the Raman ID/IG ratio of
carbon fiber, which could be similar to that of CNTs.36

Therefore, the immersion and etching treatment led to the
surface defect of carbon fibers, which increased the ID/IG ratio.
After the deposition of NCG films, the ID/IG ratio got small
due to the increase of graphite material contribution. With the
increase of deposition time, the ID/IG ratio got smaller, because
more graphite structure was contained in the films. The results
indicate that the graphitization degree and purity of NCG films
on carbon fibers can be improved by increasing the deposition
of NCG films.

In comparison with the Raman spectra labeled b, c, and d, it
can be observed that the Raman frequency of the G peak is
reduced by about 30 cm-1 from spectrum b to spectrum d. It is
known that the G band is the characteristic peak of the graphite
structure. The defect and impurity of graphite can change the
ID/IG ratio, but cannot change the position of the G peak. In
general, the characteristic Raman peak of nanomaterials can be
shifted along with the temperature changes of sample surface,
and the high temperature is responsible for the Raman shift to
a higher frequency.37 In our experiment, all the NCG films were
prepared at the same temperature of 973 K, and the heat-
treatment of NCG films was not carried out. The influence of
the temperature effect on the Raman shift may be related to the
laser radiation time of NCG films, when the Raman test was
carried out. The long laser irradiation time could increase the
surface temperature of samples, which may lead to the Raman
shift toward higher frequency. Therefore, the surface temperature
differences of NCG films heating by laser radiation were the
reason that the Raman peak position of NCG films shifted to a
lower frequency.

The microstructure of graphite nanosheets was characterized
by TEM and HRTEM in Figure 5. As seen in Figure 5a, graphite
nanosheets look like thin carbon paper, and the sizes of
nanosheets are about 1 µm. Figure 5b shows the edge TEM
image of graphite nanosheets. It can be seen that the edge is
sharp and even curly. The selected area electron diffraction
pattern of NCGs is shown in the inset of Figure 5b. Four
diffraction rings, which correspond to the (002), (100), (102),
and (100) planes of graphite with hexagonal structure, can be
clearly observed. Panels c and d of Figure 5 show the HRTEM
images of graphite nanosheets. As seen in Figure 5c, the

Figure 3. Low-resolution (a and b) and high-resolution (c and d) SEM
images of NCG films grown on carbon fiber substrate for 2 h.

Figure 4. Raman spectra of untreated (a), treated carbon fibers (b),
and NCG films grown on carbon fiber substrate for 0.5 (c) and 2 h (d).
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thickness of the graphite nanosheet is about 11.56 nm, and the
interplanar spacing is measured to be 0.34 nm, which is
consistent with the (002) plane spacing of graphite. The number
of graphite layers can be estimated to be about 34. Figure 5d
shows that the thickness of the thin graphite nanosheet is about
4.72 nm, and the number of graphite layers is estimated to be
about 14. The clear crystal plane images indicate the high purity
and graphitization degree of NCG films.

Thus, SEM, TEM, HRTEM, and Raman data have shown
that the films deposited by the DC-PCVD method on carbon
fiber substrate have good crystalline graphite structure. However,
in our previous work, using similar experimental conditions,
nanocrystalline diamond (NCD) films were prepared on silicon
substrate by the DC-PCVD method with CH4/Ar/H2 gas mixture,
and the graphite impurity in NCD films was increased along
with the increase of CH4 concentration.38 Although the higher
CH4 concentration and lower growth temperature are favorable
for the formation of graphite structure, they are not sufficient
for the growth of only NCG films with the experimental
conditions of the CH4/Ar/H2 composition of 10/70/30 sccm and
the substrate temperature of 973 K, which are still within a scope
of the growth condition of NCD films. Therefore, carbon fiber
substrate should be responsible for the deposition of graphite
nanosheets. Taking into account the substrate species of carbon
fibers, we can propose a formation mechanism of graphite
nanosheets on carbon fiber substrate. First, the treatment of
carbon fibers in the solution of H2SO4/HNO3 destroyed partly
the surface structure and increased the functionalized bonds of
-COOH on the surface of carbon fibers, which may provide
the growth sites of graphite nanosheets.39 Then the hydrogen
plasma treatment increased the functionalized bonds of C-H
and further improved the surface activity of carbon fibers, which
should be similar to the result of CNTs treated by hydrogen
plasma.36 Finally, CH4 gas was introduced into the reactor
chamber and formed C2 radicals in the plasma. These C2 radicals
were absorbed on the surface of carbon fibers, and formed
amorphous carbon and hexagonal graphite structure.21 At the
beginning stage of deposition, both amorphous carbon and
graphite nanosheets were grown due to the finite growth sites
of graphite nanosheets on the surface of carbon fibers, and the
nucleation process of nanosheets on carbon fibers led to the

low growth rate. After the surface of carbon fibers was covered
by graphite nanosheets, the secondary nucleation occurred on
the surface of nanosheets, and then the NCG films were grown
with high growth rate. Therefore, the substrate species and the
treatment of carbon fibers are favorable for the deposition of
NCG films.

4. Conclusion

We synthesized NCG films on carbon fibers by the DC-PCVD
method. The sizes of graphite nanosheets were about 0.3 to 2
µm, and the thickness of nanosheets ranged from 5 to 20 nm.
The growth rate of films increased, and the purity and
graphitization degree of NCG films can be improved by
increasing the deposition time of graphite nanosheets. In
comparison with the products grown on silicon substrate under
similar experimental conditions, the substrate species and the
treatment of carbon fibers were responsible for the growth of
graphite nanosheets. The carbon fibers/NCG film composites
could have potential applications in electrochemistry and
nanoelectronic fields, and so forth.
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