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Abstract High-quality, free-standing, and vertically
interconnected three-dimensional (3-D) graphitic nanosheets
(GNSs) were synthesized over the surface of hemispherical
carbon particles/GaN at 700 °C bymicrowave plasma chemical
vapor deposition (CVD) in presence of methane gas, whereas
the hemispherical carbon particles have been directly deposited
on GaN/sapphire template. The GNSs are ∼1–5 nm in
thickness and have a graphitic flake structure on hemispherical
carbon particles. The vertically interconnected 3-D GNSs on
hemispherical carbon particles have been characterized by
scanning electron microscopy, transmission electron microsco-
py, selective area electron diffraction pattern, X-ray diffraction,
atomic force microscopy, Raman spectroscopy, X-ray photo-
electron spectroscopy, and nitrogen gas adsorption-Brunauer-
Emmet-Teller. The present CVD approach is capable of
producing large quantities of GNSswith high purity.Moreover,
a high-purity free-standing and vertically interconnected 3-D
GNSs on hemispherical carbon particles have an enormous
potential for applications in electronic devices, biological

sensors, gas uptake and storage, fuel cells, lithium ion batteries,
and more.
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Introduction

Over the last decade, the advanced properties and applica-
tions of fullerenes, nanotubes, and nanofibers have been
well accepted. However, allotrope of carbon such as
graphite, characterized by its nanoscale thickness and open
geometry (large specific surface-to-volume ratio and sharp
edges), has not been thoroughly investigated. The graphitic
nanosheets (GNSs) with a few nanometers thick may have
a wide-range applications, for example serving as catalyst
supports [1, 2], electrode materials for lithium ion batteries
[3], and conductive fillers for conducting polymer compo-
sites [4–6], because of their remarkable surface area as well
as special characteristics of flexibility and elasticity, high
thermal resistance, high chemical stability, and light weight
[7]. In addition, such two-dimensional (2-D) nanostructured
materials may serve as the building blocks for other
promising carbon materials. For example, nanotube-like
carbon nanoscrolls have been formed from exfoliated
graphite nanosheets via a scrolling mechanism [8], carbon
nanohorns are a new type of horn-shaped aggregate of
single-walled graphene sheets [9], and carbon nanowalls
could be in nature regarded as well-separated graphene
sheets vertically growing on the substrates [10].

Free-standing and vertically interconnected three-
dimensional (3-D) graphite sheets could serve as an ideal
material for catalyst support or an efficient edge emitter for
electron field emission. Isolated, sheet/petal-like graphitic
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structures were previously reported as byproducts during
fullerene and nanotube preparations by arc-discharge
method [11–13] and laser ablation [13]. However, in all
cases, the produced GNSs coexisted with other carbon
forms and had very low controllability. Many efforts were
afterwards made to get GNSs, but only low yield of GNSs
were achieved. Therefore, the synthesis of GNSs with high
yield has been a challenge for researchers in recent years.

Herein, we report for the first time the synthesis of
free-standing and vertically interconnected 3-D GNSs on
hemispherical carbon particles. Microwave plasma chem-
ical vapor deposition (CVD) has been used to synthesize
the ∼1–5-nm-thick GNSs in absence of catalyst or any
substrate pretreatment and their basic properties were
studied. The vertically interconnected 3-D GNSs synthe-
sized by this proposed method have excellent specific
surface area with high open surface. Moreover, the
preparation method is controllable and can be used to
produce GNSs with high yield. We believe that our
findings represent an important development in the
preparation of high-quality 3-D GNSs on a large scale,
which may significantly facilitate the application of
GNSs in a wide range of areas.

Experimental Methods

Free-standing and vertically interconnected 3-D GNSs on
hemispherical carbon particles have been successively
synthesized on GaN/sapphire template. The synthesis
was carried out in a 2.45-GHz ASTeX type microwave
plasma CVD system as shown in Fig 1. We have
optimized the experimental conditions needed for the
successive formation of hemispherical carbon particles

and 3-D GNSs over it. In order to optimize the microwave
discharge and the extension of the bias discharge over the
entire substrate, we used a dome-shaped Mo anode which
was placed above the substrate as counter-electrode.
The ∼3 μm thickness of GaN has been formed on sapphire
substrate by metal-organic CVD. Prior to the deposition
hemispherical carbon particles and GNSs over it, the
template was ultrasonically cleaned with acetone and
alcohol for 12 min each. For carburization of template,
4% CH4 at a pressure of 20 torr and microwave power at
550 W has been used. For the deposition of hemispherical
carbon particles and GNSs over it, we used 2.9% CH4 at a
pressure of 40 torr with 800 W applied microwave power
and bias voltage of −100 V for 30 min and followed by
further deposition for ∼2 h without bias to the template.
The 3-D GNSs on hemispherical carbon particles were
analyzed by a standard X-ray diffractometer (XRD) with a
Cu Kα source. Atomic force microscopy (AFM) was
carried out to study the thickness (layer number) of GNS
dispersed on silicon substrate. The microstructure of the 3-
D GNSs on hemispherical carbon particles were evaluated
with Raman microscopy (LABRAMHR).

Fig. 1 Schematic of the microwave plasma CVD system for the growth
of GNSs

Fig. 2 a SEM image of partially etched GNSs on hemispherical
carbon particles and b Raman spectra of selected region of the
hemispherical particle shown in Fig. 1a
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Results and Discussion

The vertically interconnected 3-D GNSs grown on hemi-
spherical particles was scratched off after treatment with
ethanol to obtain the partially covered GNSs hemispherical
particles. The surface morphology of the hemispherical

particles was then examined by using field-emission
scanning electron microscopy (FESEM, JEOL JSM-
6700 F). Figure 2a shows the SEM image of the partially
covered GNSs hemispherical particles. We select the non-
covered GNSs region on hemispherical particle to study the
chemical bonds of hemispherical particles, which play a
major role in the growth of vertically interconnected GNSs.

It is well known that the all the forms of carbon materials
such as amorphous carbon, fullerenes, carbon nanotubes,
polycrystalline carbon etc. have been characterized by
Raman spectroscopy. The positions of spectral bands are
governed by the nature of the chemical bonds of carbon.
Therefore, the Raman spectrum may provide additional
information about the as-prepared partially covered GNSs
hemispherical particles. Figure 2b shows a typical Raman
spectrum taken from the marked area of hemispherical
particle shown in Fig. 2a. As shown in Fig. 2b, there are
three strong peaks at 1,350, 1,580, and 2,700 cm−1,
corresponding to D, G, and 2D bands of microcrystalline
graphite, respectively. The intensity of the D band is
stronger than that of the G band for hemispherical carbon
structures, revealing that the hemispherical carbon particles

Fig. 3 XRD pattern of the GNSs on hemispherical carbon particles

A B

C D

Fig. 4 a Side view FESEM image of the GNSs on hemispherical carbon particles; and b–d plane view FESEM images of the GNSs on
hemispherical carbon particles at different magnifications
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are less graphitized. A weak peak at 2,930 cm−1 can be
assigned to the D+G bands of microcrystalline graphite
[14]. A small broad peak at 1,140 cm−1 was observed in
Raman spectra that correspond to the non-translational
symmetric sp3 phase in nanodiamond [15]. From Raman
results, we confirmed that the hemispherical particles
behind the GNSs were composed of carbon.

The phase structure of the as-prepared final product was
characterized by XRD. Figure 3 shows a typical XRD
pattern of the as-prepared 3-D GNSs on hemispherical
carbon particles. A sharp and intense XRD diffraction peak
at about 2θ=26.6° can be indexed as the (002) diffraction
reveals the high-quality graphitic nature of nanosheets. The
weak and very sharp peaks at about 2θ=34.8° and 2θ=37°
could be due to the GaN substrate and these two diffraction
peaks are corresponding to (002) and (101) planes,
respectively. The interlayer spacing (d) is calculated using
Bragg equation:

d ¼ l=2sinqB

where λ=1.54Å and θB is the corrected angle (Bragg
angle) of incidence for the Cu Kα radiation. The interlayer
spacing is calculated to be ∼0.34 nm from the position of
(002) reflection peak are similar to those observed for bulk
hexagonal graphite (∼0.335 nm) [16]. Later on, high-
resolution transmission electron microscope (HRTEM)
analysis was performed to confirm the interlayer spacing.

Further, the morphology of the 3-D GNSs on hemi-
spherical carbon particles obtained under typical synthesis
conditions were examined by using FESEM, transmission
electron microscope (Philips TEM), selected-area electron
diffraction (SAED), and HRTEM. Figure 4a–d shows the
typical FESEM images of the product prepared by
microwave plasma CVD in presence of methane/hydrogen

BA

Fig. 5 a TEM image of the individual GNS and the corresponding SAED
pattern is shown in the inset, and b HRTEM of the individual GNS

Fig. 6 AFM image of GNSs
containing two layers (regions
2 and 4) and 3–4 layers (region
1 and 3) on silicon substrate
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gas mixture. Figure 4a and b show the low-resolution side
view and plane view FESEM images of the 3-D GNSs on
hemispherical carbon particles. As shown in the FESEM
image in Fig. 4a, the as-obtained 3-D GNS consists of
hemisphere carbon particles with diameters ranging from 9
to 10 μm. The magnified FESEM images (Fig. 4b) shows
that the surfaces of hemispheres are not smooth. And the
hemi-microspheres look like completely covered by the 3-D
GNSs. Figure 4c shows the high-resolution FESEM image
of 3-D GNSs on hemispherical carbon particle. The
magnified FESEM image (Fig. 4c) clearly reveals that the
3-D GNSs on hemispherical carbon particles had a
vertically interconnect structure.

On the basis of the image of morphology variation, a
possible growth mechanism of vertically interconnect 3-D
GNSs on hemispherical carbon particles can be explain in
three steps. In first step, the particles are grown via stages
of nucleation and growth, where nanoparticles are created
within very short time by the various interactions between
species at atomic and molecular levels. In addition, due to
applied negative bias the nucleation density is also
significantly increases. In second step, the particle in
plasma are negatively charged due to bombardment of

high-energy electrons which are accelerated by the electric
field in the sheath space after being ejected from the
substrate surface under the energetic ionic bombardments,
and as the result, the existing particles becomes positively
charged [17, 18]. Therefore, it can be supposed that the
motion of charged and uncharged carbon in the plasma
plays an important role in the growth of large spherical
carbon particles. Consequently, large hemispherical carbon
particles are formed. In the final step, GNSs are formed, in
this step the C2 (C–C bond) bonds from the initially formed
hemispherical carbon structures are connected linearly with
each other. In addition, the free carbons from the plasma
atmosphere will further adhere on the existing structure to
become scale-like GNSs. The GNSs are then connected
with each other in wavy fashion to become free-standing
vertically interconnect GNSs. Although it is at present not
clear exactly how the 3-D vertically interconnected GNSs
and the hemispherical carbon particles form during the
CVD growth, studies are underway to explore the detailed
formation mechanism.

Figure 4d shows the high-resolution SEM image of the
3-D GNSs on hemispherical carbon particles. According to
Fig. 4d, transparent individual graphite clearly overlaps on
the hind GNS. The higher magnification FESEM image
(Fig. 4d) clearly reveals that the GNSs have a thickness
range 1 to 5 nm. But, we believed that the SEM image will
not give the accurate thickness information of the GNSs.
Therefore, the thickness of the GNSs was successfully
confirmed by atomic force microscope, as shown later.

Figure 5a and b show the TEM image of an individual
GNS and its corresponding SAED pattern with the
electron beam directed along the individual GNS. The
SAED pattern from the individual GNS shows few bright
spots. The clearly visible bright spots confirm that the
GNSs are single crystals. The HRTEM image taken at the
top edge of the individual GNS shows that the interlayer
distance about ∼0.34 nm, as shown in Fig. 5b. The lattice
spacing of ∼0.34 nm corresponds to the (002) plane. This
result is consistent with XRD data.

To gain the more insight into GNSs, we performed detailed
AFM scans of GNSs dispersed on Si substrate. Analysis of a
large number of AFM images in different regions revealed that
the most of GNSs had thickness in the range of ∼1 to ∼5 nm, as
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Fig. 7 Raman spectrum of the GNSs

Fig. 8 XPS spectrum of the GNSs

Table 1 Specific surface area for as-prepared GNSs and other carbon
materials

Carbon material References ABET (m2g−1)

GNSs Our sample 100.5

Natural graphite [38] 1.7–6.0

Expanded graphite [39] 40–60

Carbon sheets [40] 97.2
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shown in Fig. 6. Notably, about 90% of the GNSs had a
uniform thickness. The thickness of the GNSs was calculated
to be about ∼1 nm (region 2 and 4 in Fig. 6), which is
consistent with the thickness of a two layer graphene. On the
other hand, the thickness of the GNSs was measured to be
about more than ∼2 nm (region 1 and 3 in Fig. 6), which is
consistent with the thickness of a 3–6-layer graphene.

Further, we have investigated the degree of graphitiza-
tion of GNSs by Raman spectroscopy. Raman spectra taken
on GNSs, as shown in Fig. 6, are similar to those observed
for graphitic carbon [19]. Second-order modes in the range
of 2,000–3,000 cm−1 are also present in Fig. 7. Figure 7
shows that it has two strong peaks at 1,363, and
1,582 cm−1. The peak at around 1,363 cm−1 is the D-band
associated with vibrations of carbon atoms with dangling
bonds in plane terminations of the disordered graphite. The
peak at 1,582 cm−1 (G band) is attributed to the vibration of
sp2-bonded carbon atoms in a two-dimensional hexagonal
lattice [20, 21]. Figure 7 also shows that the strong peak at
about 2,716 cm−1, is attributed to the disorder mode 2D
band. From Fig. 7, we can see that the G-band peak is
stronger than the D-band peak and their intensity ratio is
about 1.4, unambiguously suggests that the 3-D GNSs have
high degree of graphitization. In addition, the area ratio
between the two bands (AD/AG) allows the degree of
ordering or graphitization of the carbon structure to be
characterized [22, 23]. In the spectra of highly crystalline
graphite, D band is absent, which indicates the 100%
degree of graphitization. It should be noted that the AD/AG

value of GNSs (1.02) was smaller than that of Vulcan XC-
72 and AP-carbon [24]. Furthermore, a similar value of AD/
AG between GNSs (1.02) and MWCNT (1.03) [24]
confirms that the 3-D GNSs retained similar graphitic
characteristics to the MWCNT. The HRTEM image
showing the 3-D GNSs (Fig. 4b) retained graphitic layers,
also supporting the graphitic nature of GNSs.

X-ray photoelectron spectroscopy (XPS) is another
powerful tool to investigate the different forms of carbon
species. Hence, XPS was used to characterize the surface
properties of the GNSs. Figure 8 shows the core level C(1s)
spectra recorded for the as-prepared 3-D GNSs on
hemispherical carbon particles. The XPS spectrum of
synthesized 3-D GNSs has sharp peak at 284.6 eV, quit
similar peak attributed to C = C graphitic species has been
reported earlier [25]. In addition, no peaks appear at higher
binding energies, i.e., peaks due to C–O species (286.6 eV),
C = O species (287.9 eV), or the defect sp3 C–C species
(286.6 eV) [26, 27]. This implies the synthesized GNSs are
highly pure graphitic structure. These results are consistent
to Raman and XRD which confirms that the synthesized 3-
D GNSs are high quality.

Finally, we measure the specific surface area of the 3-D
GNSs on hemispherical carbon particles by nitrogen gas

adsorption—BET (Brunauer-Emmet-Teller). The 3-D
GNSs on hemispherical carbon particles obtained had
BET surface areas of 100.5 m2g−1 without activation.
Therefore, the 3-D GNSs/hemispherical carbon particles
will be very useful as a catalyst support [28], electronic
devices [29], biological sensors [30], hydrogen gas sensor
[31], gas uptake and storage [32], fuel cells [33–35],
lithium ion batteries [36], and supercapacitor [37] through
the high specific surface area. This is tens of times that of
natural graphite [38] and two times higher than that of
ordinary EG sheets [39] as well as much higher than that of
crumpled carbon nanosheets [40] (data are listed in Table 1).
Compared with other carbon materials, the specific surface
area of as-prepared graphitic structures is relatively high.
Thus, we conclude that the free-standing and vertically
interconnected 3-D GNSs on hemispherical carbon particles
with high purity, crystallinity, and excellent surface area
could be obtained with such a facile CVD method.

Conclusions

In summary, we have reported for the first time, the
synthesis of vertically interconnected three-dimensional
graphitic nanosheets (GNSs, thickness in the range of 1 to
5 nm) on hemispherical carbon particles. The syntheses of
vertically interconnected 3-D GNSs on hemispherical
carbon particles have a large specific surface area and
provide an avenue for potential applications in many areas
as a catalyst support, biological sensors, electron devices,
gas uptake and storage, fuel cells, lithium ion batteries, and
so on. Moreover, the preparation method is controllable and
can be used to produce GNSs in high yield. We believe that
our findings represent an important development in the
preparation of high-quality GNSs on a large scale.
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