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Since the discovery of Cgp in 1985 [1], nanometer-sized carbon materials have
attracted much attention because of their large specific surface-to-volume ratio, high
electrically conductivity [2—4], and their potential use in such applications as energy
storage, electronic, and display devices [5—8]. Several other nanostructures have been
developed, including carbon nanotubes (CNTs) and carbon nanoflakes (CNFs) [9,10].
Among these structures, we are interested in developing CNFs that possess graphitic
structures, sharp edges, and large specific surface-to-volume ratios [11]. CNFs
featuring very sharp and thin edges can be employed as field emission materials in
backlit liquid crystal displays. Previous syntheses of CNFs have always required a
catalyst and relatively high temperatures to provide two-dimensional (2D) networks
perpendicular to the substrate on account of the self-potential near the electrode
surface. From an investigation of complex-plane impedance plots, Keiser et al.
reported [12] that a 2D porous CNF structure is more suitable for electrochemical
applications than are cylindrical or other porous structures. For use in other
applications, however, the finite available surface area of a 2D film has some
drawbacks. We believe that if CNF structures were not limited to 2D architectures,
then they might be suitable for use in energy storage systems, which require very
large available surface area. In this paper, we report a relatively simple, catalyst-free,

low-temperature microwave plasma-enhanced chemical vapor deposition (MPECVD)



process—employing CO, and CH4 as reactants—for the fabrication of 2D and
three-dimensional (3D) CNFs on carbon cloth. The 2D arrays of CNFs arose as
expected, whereas we obtained the 3D architectures when we applied a higher
microwave power. The novel structure in super-capacitance and compare the
electrochemical properties of the CNT-CNW electrode with that of pure CNT one.

N

Fig. 1 displays SEM images of the CNFs synthesized on the carbon cloth under
various microwave powers after hydrogen plasma pretreatment. Figs. 1(a)—(c) present
images of the CNFs formed at 200 W and a relatively low substrate temperature (ca.
380 °C) for 5, 10, and 15 min, respectively. After 5 min, many tiny carbon islands
were distributed uniformly on the substrate; on average, these islands were ca. 100 nm
long and ca. 5 nm wide. After 10 min, the substrate was covered with structural
carbon materials that evolved from the tiny islands; the CNFs were interlaced to form
a carbon nest-like film. After 15 min, the CNFs all had a similar length of several
micrometers and a height of ca. 1 um. Even when operated for a longer length of time,
the thickness of the film remained at 1 um on account of lateral growth [13]. When
we operated the system at 300 W for 15 min at substrate temperatures of up to 420 °C
[Fig 1(d)], the morphology of the product was similar to that obtained at 200 W,
except that it contained more stretching branches attached to the surface of the major
nanoflakes, such that a fraction of smaller pores existed. This phenomenon might
have arisen from the presence of activated sites during the etching process in the
CO,/CH4 plasma system. Oxygen-containing species (e.g., OH) play an important role
in removing amorphous carbon and, thus, facilitate the formation of graphite
structures [14]. The etching process might also have resulted in significant damage to
the CNFs’ surfaces to create dangling bonds of free carbon atoms as active sites for
nucleation. We conclude that applying more power induces more tiny pores to form,
i.e., a much smaller porous structure results. We obtained a totally different
morphology [Fig 1(e)], however, when we applied an even greater microwave power
(400 W) and relatively high substrate temperatures (up to 480 °C) to the system. Fig

1(f) displays a 3D construction comprising flower-like aggregates of extremely small
flakes.

-




100 nm

Figure 1. SEM images of the structures formed on carbon cloth after H, plasma
pretreatment and then CO,/CHj4 treatment for (a) 5 min at 200 W, (b) 10 min at 200 W,
(c) 15 min at 200 W(inset: cross-section image), (d) 15 min at 300 W, and (e) 15 min
at 400 W (inset: high-magnification image of a flower-like aggregate); (f) 3D

configuration of the sample prepared at 400 W.

After 1 or 10 min of operation at 400 W, flower-like aggregates were deposited
uniformly [Fig 2(a) and 2(b), respectively]. The diameter of each fiber, originally 8
um, varied from 10 to 20 um, corresponding to Fig 2(a) and 2(b), respectively. The
initial formation of the flower-like morphology at 400 W was different from initial
structures formed at lower power. The growth rate was ca. 1 um min '. Aggregates
formed when we operated the system for a sufficiently long time—in our case, for 30
min [Fig 2(c)]. Even so, magnified image of the structure depicts the same

aggregation, displayed in Fig 2(d).
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Figure 2. SEM images of the samples deposited at 400 W for (a) 1, (b) 10, and (c, d)
30 min.

A critical microwave power is required for effective ion bombardment,
sputtering, and etching during plasma processing [15], such that a disordered carbon
structure can be formed. Even at a high deposition rate of carbon, the reaction time
might not be sufficiently high for inner, disordered carbon atoms to form continuous
walls through collision, leading to restricted graphitization. Our findings suggested
that, at 400 W, an enormous number of amorphous carbon atoms deposited initially,
impregnated with oxygen-containing groups as active sites, which then gradually
transformed into CNF structures through aggregation and interior collision processes.
The CNFs that we prepared in this study (20-30 nm long and 3—5 nm wide) are much
smaller than those which have been limited as a 2D material [10, 11]. Most
interestingly, the 3D flower-like clusters prepared at 400 W had an average pore size
of 12.3 nm and an appreciably greater surface area (728.6 m*/g) than those prepared at
300 W (363.6 m?/g) or 200 W (331.3 m*/g). With respect to the structure formed at
200 W, the slightly increased surface area formed at 300 W resulted from the
presence of stretching branches, consistent with our SEM observations. For
comparison, the surface area of the unmodified carbon cloth was 119.5 m*/g. The
mechanism of synthesis of CNFs from carbon cloth can be divided broadly into three
parts. At first, aggregation of carbon atoms occurs at the activated sites. The lateral
growth of CNFs then proceeds in preference to vertical growth under the conditions;
it results from the fact that dangling bonds of a free carbon atom can be considered
asymmetric, with three in-plane sp” bonds and a P orbital that is perpendicular to this
plane. This asymmetry is also an important factor for the catalytic synthesis of tubular
structures. Finally, the carbon atoms are subjected to collision to form walls, as
predicted by molecular dynamics simulations [16]. The deposition of a large amount
of amorphous carbon and the bombarding and etching processes at high power may
have led to the 3D construction. In addition, defects such as pentagons and heptagons
may have led not only to the curved structures but also to the nanoflake branches,
which are marked with arrows in Fig 1, because they could serve as initiation sites for

damaging of the surface. This process is common in the fabrication of CNTs [17]. Fig



3 displays TEM images corresponding to the SEM images in Fig 1. The thickness of
each nanoflake was less than 5 nm. In contrast to the sample obtained at 400 W [Fig
3(c)], which contained a greater amount of amorphous carbon, Figs 3(a) and 3(b)
reveal that continuous and ordered graphite layer structures formed at 200 and 300 W,
respectively. In addition, a great curvature was present in the sample prepared at 200
W, as is evident in the inset to Fig 3(a). The distance between pairs of graphitic planes
in the nanoflakes was ca. 0.34 nm, which is consistent with that reported by Lin et al.
[18]. When we applied a much higher microwave power of 500 W, we obtained an
amorphous carbon film as a result of the intense impact of the bombarding and

etching processes.

Figure 3. TEM images of CNFs deposited (after H, plasma pretreatment) at
microwave powers of (a) 200, (b) 300, and (c) 400 W.

For the samples prepared without hydrogen pretreatment, Fig 4 reveals that their
structures were similar to those in Fig 1. The major difference between these
morphologies appeared at the beginning of the deposition process. Hydrogen
pretreatment was more beneficial for forming uniformly active sites, leading to facile

nucleation of carbon atoms for further synthesizing CNFs. There was a tendency to



form non-crystalline structures in the absence of hydrogen pretreatment. A
distinguishable difference from between the investigation images of in Figs 1(d) and
Fig 4(d) depicts is that the morphology of the sample prepared for at 300 W in the
absence of hydrogen pretreatment tends to have theexhibits features similar to those
of the sample of formationed at 400 W after hydrogen pretreatment. This finding
suggests that the initial stage at which the carbon atoms nucleate as seeds is crucial to
the resulting morphologies and structures. We recorded micro-Raman spectra to
investigate this phenomenon. Fig 5 displays Raman spectra of the samples in the
region 12001700 cm'. We observe three distinct peaks: a typical graphite vibration
mode G-band at 1580 cm ™', a disordered carbon mode D-band at 1348 cm ™', and a D’
line at 1620 cm™'. The peak at 1580 cm ' indicates that graphite structures were
fabricated during growth; the peak at 1348 cm ' resulted from defects in the curved
graphite sheets, tube ends, and surviving impurities; the weak peak at 1620 cm'
corresponds to a maximum in the density of states of the mid-zone phonon and also
reveals a disorder-induced behavior similar to that of the signal at 1348 cm™'. We
suggest that the D and D’ lines resulted from disorder-induced features caused by
lattice distortion [19].

Figure 4. SEM images of the samples deposited (without H, plasma pretreatment)
through CO,/CHy treatment for (a) 5 min at 200 W, (b) 10 min at 200 W, (c) 15 min
at 200 W, (d) 15 min at 300 W, and (e) 15 min at 400 W.
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Figure 5. Raman spectra of the CNFs deposited at 200, 300, and 400 W (a) after H,

plasma pretreatment and (b) without H, plasma pretreatment.

Fig. 6 presents the ratio of the D band integrating intensity (Ip) to the G band
integrating intensity (lg) plotted with respect to the applied microwave power. The
value of Ip/lg was always greater than 2.0 because of the presence of defects (e.g.,
distortion, vacancies, and strain) in the graphite networks and to the more
nanocrystalline structure, especially for the growth process performed without catalyst.
A recent Raman study revealed that higher values of Ip/lg correspond to smaller
grains [20]; this behavior is consistent with our TEM observation. We found that the
value of Ip/lg increased upon increasing the microwave power. This result is
consistent with crystalline structures forming more readily at lower microwave
powers. In addition, the values of Ip/lg for the samples prepared after hydrogen
plasma pretreatment were all less than those of the corresponding samples prepared
without pretreatment. This behavior is consistent with the differences observed in the
SEM images in Figs 1(d) and 4(d). We suggest that a higher value of Ip/lg is
associated with the absence of carbon seeds at the onset of the fabrication process.
Based on the influence of its functional groups, the carbon cloth tends to be covered
initially with amorphous carbon and then active sites containing functional groups
such as COH and C=O are incorporated onto the surface [21]. These groups help to
gather carbon atoms to form so-called carbon seeds for the aggregation of carbon
atoms. Therefore, the measured crystallinity would decrease as a result of the
contribution from the amorphous carbon. It is interesting to compare the properties of
CNFs with CNTs because both are composed of graphitic planes. Nanoflakes exhibit
stability similar to that of nanotube emitters for field emission applications and
comparable field enhancement [22]. On the basis of the 3D porous structure and the
high surface area, we suspect that out CNFs might have potential applications in

several fields, especially for energy storage systems.
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Figure 6. Values of Ip/lg from the Raman spectra plotted with respect to the applied

microwave power.

On the other hand, we also prepared coral-like CNTs on Stainless-steel plate as
electrode for supercapacitor. In past years, carbon nanotube (CNT) has also been
identified as a promising material in such energy uses. Based on these concepts, we
thought that combining the two structural carbon nanomaterials could be considered
to complement the contribution of each structure. Catalytic particles essential for the
growth of carbon nanomaterials were directly performed on the substrate as we can

see in Figure 7.
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Figure 7. SEM image of CNTs synthesized on stainless steel substrate by
MPECVD (ratio of methane to hydrogen is 1:3 and deposition time: 30 min).

We suggest that when CNTs are attacked by accelerated oxygen-containing ions,
like O-H [14, 23], the damaged surface tends to form tiny matters with
lattice-matched graphite layer as a result of hydrogenation [24], causing the CNFs to
be separated from the CNTs, as revealed by HRTEM images. Ultimately, the carbon
depositions collide to form horn structures, and later turn into the walls of the CNFs,
as predicted by molecular dynamics simulations [25]. More details could be further
realized from the investigation of TEM images in Figure 8. Figure 8a shows the TEM
image of the pure CNTs with the expectable tubular structure. Compared with Figure
8a, Figure 8b shows a low magnification TEM image of coral-like CNTs with much
rough surface, caused by the existence of additional attachments. Most of the
coral-like CNTs have the similar diameter to the CNTs in Figure 8a, around 40 nm.

Among these CNTs, some seems to have the growth of nanoflakes at the beginning,



and others are tremendously covered with graphitic nanoflakes in large scale. This is
consistent with the observation of SEM images. Figures 8c and 8d depict the images
of CNFs forming on the CNTs during the early and later stages of growth,
respectively.

By 1

Figure 8. TEM image of carbon nanotubes synthesized on stainless steel substrate by
MPECVD (ratio of methane to hydrogen is 1:3 and deposition time : 30 min).

To investigate electrochemical properties, the cyclic voltammograms of CNTs
and coral-like CNTs were performed in Figure 9a and 9b.
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Figure 9. Cyclic voltammogram of CNTs electrode (a) synthesized for 30 min
(as-prepared) and (b) activated with HNO; for 60 min in GBL ion solution as the
electrolyte. scan rate: 1V and 10V/s, respectively.

The plots retain nearly rectangular, representing an ideal double-layer capacitor
[26], over a wide range of scan rate from 100 mV/s to 10 V/s. It is noticed that the
coral-like CNTs electrode approaches to the behavior of an ideal double-layer



capacitor much more than the CNTs one, even at such a high scan rate of 10 V/s. This
results from the good conductivity and stability of the carbon structures and transport
of ions within the unique network. It is clear that the coral-like CNTs electrode is
more suitable for the application of energy store system with applying high power.
Moreover, the fact that the coral-like CNTs electrode shows greater current density
than the CNTs electrode represents a higher capacitance. By comparison, capacitance
of the coral-like CNTs electorde nearly doubles that of the CNTs electrode to be about
147 F/g. This is highly connected with the surface enhancement and much more ion
access porous structure of graphitic carbon nanoflakes. As proposed by Keiser et al.,
such porous structure is more suitable for electrochemical applications than
cylindrical one and other porous structures from the investigation of corresponding
complex-plane impedance plots [27]. Furthermore, the attached carbon nanoflake sp*
sttructures are twisted graphitic planes. They are expected to have chemical
characteristics different from the closed carbon shells, which are chemical inert on
account of the high in-plane covalent bonds (5 eV/bond). Functional gropus, such as
C=0 and C-OH, are incorporated prevalently into the edge of defective planes. It is
suggested that as a result of the incorporation, it could enhance accumulation of ions
tremendously to increase the capacitance. This circumstance is similar to that
conventional activation by HNO; or KOH is taken, attaching functional groups to
carbon materials [14, 23]. The Nyquist plots for two electrodes from AC impedance

measurements are shown in Figure 10.
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Figure. 10 Constant current (1 mA) charge—discharge measurement of as-prepared

electrode.

It reveals that two electrodes exhibit the characteristic of a typical double-layer
capacitor. Slope lines observed at higher frequency in the plots indicate that diffusion
control is a limiting factor in the kinetics of the electrode process [28]. In addition,
compared with CNTs electrode in the CH4-H; system, the coral-like CNTs electrode

could lower the intrinsic resistance, related to the solution and structure itself, since



the contact of additional porous structure with CNTs, formed in the CH4-CO; system,
goes well and the graphitization of the coral-like CNTs reaches a higher level. This
observation on the benefits of utilizing CH4-CO, system to the graphitization of is
consistent with our previous study [14]. The existence of OH ions in plasma system
could efficiently remove amorphous carbons, so that the crystallization continues
easier and faster. To understand the durability of the electrodes, cycling

measurements were taken for 2000 cycles at 100 mV/s, as we can see in Figure 11.
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Figure 11. Measurement of cycle-life of the symmetric EDLC at a scan rate of 10 V/s

(m: as-prepared, ®: acid-treatment electrodes).

Both electrodes composed of the structural carbon nanomaterials, directly
synthesized on the collectors, show great reliability on the operation with remarkable
columbic efficiency of less than 93%. This reveals that the coral-like carbon nanotube
could be a considerable candidate of electrode material on the application of

supercapacitors.

2% p R

We have used MPECVD at a low substrate temperature in a CO,/CH4 plasma
system to fabricate 2D and 3D CNF structures. Because our fabrication technique is a
catalyst-free process, the resulting materials do not require a purification prior to use.
The applied microwave power had crucial influence on the degree of crystallization of
the products. Microscopy and micro-Raman spectroscopic measurements revealed
that highly ordered graphite structures were readily obtained at low power (200-300
W). The specific surface area of the 3D structure was almost double that of the 2D
structures because the 3D structure comprised an aggregate of many flower-like

nanoflakes and, thereby, possessed a microporous structure. We suspect that our 3D



CNF aggregate—prepared through a catalyst-free, low-temperature, highly efficient
fabrication process—might have commercial applicability for use in energy storage
systems because of its high surface area and porous structure. On the other hand, we
also demonstrate growth of coral-like CNTs and pure CNTs structure in CH4-CO,
system and CHy4-H, system, respectively. Microscopic images suggest a different
growth mechanism of coral-like CNTs from that of pure CNTs by replacing hydrogen
with carbon dioxide in a specific ratio to methane. As regarding to the electrochemical
measurements, it is revealed that the coral-like CNTs eclectrode beats the CNTs
electrode with much larger capacitance of about 147 F/g, and distinguishable lower
intrinsic resistance. The remarkable performance arises on account of the existence of
the extra porous structure. Also, the outstanding performance of long cycle life
indicates a route for commercial applications of the coral-like CNTs material on

energy store systems.
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