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T
he storage of electrical energy at high
charge and discharge rate is an im-
portant technology in today's society

and can enable portable electronic devices
and plug-in hybrid electric vehicles.1,2 Re-
cently, the design and fabrication of three-
dimensional (3D)multifunctional architectures
from the appropriate nanoscale building
blocks, including the strategic use of void
space, have attracted great attention in
energy storage application.3 For 3D carbon
architectures, the prime advantages are the
short transport lengths for ions in the solid-
state electrode and well-interconnected wall
structure, providing a continuous electron
pathway, yielding fast transport channels,
as ions in electrolytes can be easily acces-
sible to the 3D pore surfaces.
Graphene, a two-dimensional nanostruc-

ture of carbon, is recently expected to be an
advanced energy storagematerial due to its
high surface area to volume ratio, extraor-
dinary electronic transport properties, and
chemical stability.4�22 Results have shown
that, by controlling the composition and
architecture at the nano/micrometer scale,
graphene hybrid material with carbon nano-
tubes (CNTs) may prove to be especially
useful for application in electronic devices
and energy storage materials.23 Currently,
the trends are to integrate them into a
hybrid material through three versatile
fabrication techniques: electrostatic self-
assembly;23�25 a simple mixing method
with the assistance of ultrasonic treat-
ment;4,26,27 and chemical vapor deposition

(CVD).28�30 For example, the introduction
of CNTs into graphene films considerably
decreased the sheet resistance of the
films.23 Hybrid films of graphene and CNTs,
sequentially self-assembled via electrostatic
interactions, exhibited a nearly rectangular
cyclic voltammogram even at a high scan
rate of 1 V/s with an average specific capa-
citance of 120 F/g.24 Altogether graphene
incorporation of CNTs via a simple mixing
process exhibited a large enhancement of
capacity from the expansion of the inter-
layer spacing.4 Because graphene sheets
have low conductivity in the vertical direc-
tion and easily form irreversible agglomer-
ates through van der Waals interactions,
to improve high-rate performance for en-
ergy storage, it is important to make full
use of the graphene layer as more favorable
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ABSTRACT We report on the fabrication of 3D carbonaceous material composed of 1D carbon

nanofibers (CNF) grown on 2D graphene sheets (GNS) via a CVD approach in a fluidized bed reactor.

Nanographene-constructed carbon nanofibers contain many cavities, open tips, and graphene

platelets with edges exposed, providing more extra space for Liþ storage. More interestingly,

nanochannels consisting of graphene platelets arrange almost perpendicularly to the fiber axis,

which is favorable for lithium ion diffusion from different orientations. In addition, 3D

interconnected architectures facilitate the collection and transport of electrons during the cycling

process. As a result, the CNF/GNS hybrid material shows high reversible capacity (667 mAh/g), high-

rate performance, and cycling stability, which is superior to those of pure graphene, natural

graphite, and carbon nanotubes. The simple CVD approach offers a new pathway for large-scale

production of novel hybrid carbon materials for energy storage.
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sites for additional energy storage and con-
struct the overall conductivity of graphene
networks.16,31,32 Here, we report on the fabrication of
3D carbon nanofiber/graphene consisting of 1D carbon
nanofibers (CNF) on 2D graphene sheets (GNS) via a
CVD approach in a fluidized bed reactor, as demon-
strated in Scheme 1. Thereby, we employ graphene
oxide as catalyst support to deposit nanofibers on the
graphene sheet stemming from the pyrolysis of gra-
phene oxide during the CVD process. These carbon
nanofibers have many cavities, open tips, and gra-
phene platelets having more edges exposed, provid-
ing more extra space for Liþ storage. More
interestingly, nanochannels consisting of graphene
platelets arrange almost perpendicularly to the fiber
axis, which is favorable for lithium ion diffusion from
different orientations; 3D interconnected architectures
facilitate the collection and transport of electrons
during the cycling process. Preliminary studies of the
GNS/CNF as anode material for a Li ion battery show
high reversible capacity (∼667 mAh/g), high-rate per-
formance, and cycling stability.

RESULTS AND DISCUSSION

Most of the carbon nanofibers grown on graphite
substrate are not uniform due to the poor wettability
between the graphite surface and the metallic catalyst
particles, which results in aggregation and then coa-
lescence of the catalyst on the graphite substrate
during sintering.33 Therefore, exfoliated graphene
oxide (GO,∼1 nm in thickness, Figure 1A,B) is selected
here as a catalyst support to grow nanofibers due to its
high surface energy (62.1 mJ/m2) and oxygen content
(C/O atomic ratio of 2).34 As a result, cobalt precursor
particles with a size of 2�5 nm uniformly deposit
on the surface of GO after microwave irradition
(Figure 1C). Energy dispersive X-ray spectra (EDX)
shows that the weight percent of cobalt is 8%. For
the CNF/GNS composite, CNFs with a length less than
1 μm are distributed in between the graphene sheets
(Figure 1D, E). Indeed, the BET surface area of CNF/GNS
(315 m2/g) is higher than that of graphene (202 m2/g)
due to the effective CNF intercalation into graphene.
Under fluidization conditions, super-lightweight cata-
lyst supports are randomly oriented in the whole
fluidized bed during the CVD process; the gradients
of temperature and carbon source concentration cause
a discontinuous carbon growth. Therefore, the forma-
tion of a segmented structure is due to the unsatura-
tion of carbon concentration on the deposition faces.35

TEM observations exhibit that the obtained nanofiber
with an outer diameter of about 20 nm (Figure 1F)
consists of well-ordered graphene platelets (Figure 1G)
with a spacing of 0.342 nm, which is close to the ideal
graphite lattice.36 Moreover, the path of the cobalt
catalyst from the axis to the edge of the fiber is

observed due to the blowing gas (Figure 1H). The
formation of many hollow cavities along the fiber axis
(Figure 1F) can provide extra space for Li storage,
confirming a discontinuous growth. Notably, the
HRTEM image (Figure 2A) of the nanofiber shows that
the nanochannels composed of edge-exposed gra-
phene platelets arrange almost perpendicularly to
the fiber axis, which is favorable for lithium ion diffu-
sion from different orientations and sufficient contact
between active materials and electrolyte.37

Also, open-ended CNFs are clearly observed in
Figure 2B�D (marked by arrows), which is beneficial
to the reduction of the effective diffusion distance for Li
ions. This phenomenon can be explained by the liquid
metal catalyst running off due to the blowing gas
during the CVD process (Figure 1H), resulting in sub-
sequent growth of a thin fiber (Figure 2C). Because of
the random gas flow direction, a twisted fiber is also
observed in Figure 2D.
The cobalt catalyst is observed on the CNF tip

(Figure 1F), confirming a tip growth model due to the
poor binding strength between the catalyst and
graphene.33 The catalyst on the CNF tip means that
the Co particle remains active and exposed to carbon
from the vapor phase during the growth. As confirmed
by XRD analysis (Figure 3A), cobalt metal exists
in the CNF/GNS composite. Moreover, the C(002)
diffraction peak of the CNF/GNS composite, including
graphene sheets and nanofibers, is sharp, meaning
a well-graphitized structure. Notably, graphene sheets
of GNS/CNF are found to possess a higher average
d-spacing of approximately 0.414 nm compared
to those of GNS (0.363 nm) and CNTs (0.344 nm),
implying that CNF grows in between the graphene
layers.4

Raman scattering is strongly sensitive to the electro-
nic structure and proves to be an essential tool to
characterize graphite and graphenematerials. In many
cases, the Raman spectrum of graphene is character-
ized by twomain features, the Gmode, arising from the
first-order scattering of the E2g phonon of sp2 C atoms
(usually observed at ∼1575 cm�1), and the D mode,
arising from a breathing mode of κ-point photons of
A1g symmetry (∼1350 cm�1).38,39 In our study, Raman
characterization (Figure 3B) demonstrates that the

Scheme 1. Illustrations of the fabrication of GNS/CNF
composite via a CVDapproach using a fluidized bed reactor.
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intensity ratio (ID/IG) of D and G bands of GNS is about
1.02, whereas the ID/IG of GNS/CNF is 1.06, implying a
graphitic crystalline structure.40

The electrochemical performance of the as-prepared
GNS/CNF composite was first evaluated by galvanostatic
charge/discharge cycling at the current density of 0.12
mA/cm2. For comparison, we also present the result of
pure graphene under the same electrochemical con-
ditions. In the first cycle (Figure 4A), GNS/CNF delivers
a very high reversible capacity (667 mAh/g) in the
voltage range of 0.05 to 3.0 V (vs Liþ/Li), which is

80% higher than that of graphite (theoretical specific
capacity of 372 mAh/g) and is also higher than that of
pure graphene (453 mAh/g). The capacity of GNS/CNF
is comparable with other nanostructured carbon elec-
trode materials, such as hollow carbon spheres (600
mAh/g)41 and CNF/CNT(546 mAh/g).42 Owing to high
content of CNF on GNS, the capacity of GNS/CNF is
slightly less than that of GNS/CNT (730 mAh/g).4

Figure 4B shows the cyclic voltammograms of the
GNS/CNF electrode at 0.1 mV/s. There is obvious
cathodic current peak at approximately 1.20 V in the

Figure 1. (A) AFM image of GO dispersed on mica and (B) corresponding line profile.(C) TEM image of cobalt catalyst on GO.
(D) SEM image of CNF/GNS composite. (E, F) Low-magnification TEM. (G, H) HRTEM images of CNF/GNS composite. The blue
dotted circle in (H) indicates the original catalyst site.
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first cycle, which corresponds to the irreversible reac-
tions between Li ions and electrolytes.43

Moreover, GNS/CNF exhibits a moderate Coulombic
efficiency of about 55% in the first cycle due to the
electrolyte decomposition and formation of the solid
electrolyte interface (SEI) layer on the surface of the
carbon (Figure 4A). Furthermore, the shape of the
discharge and charge curves is similar to those

observed previously from carbon nanotube
materials.44 Therefore, the Li storage in the GNS/CNF
electrode is divided into two stages; the capacity of the
potential region lower than 0.5 V (vs Li/Liþ, Figure 4A)
should be due to lithium intercalation into the gra-
phene layers, and the capacity above 0.5 V vs Li/Liþ

may be associated with Li storage onto the graphene
surface or on the edge plane.44 However, after the

Figure 2. HRTEM images of nanofibers on a graphene sheet. Nanofibers showing well-ordered graphene platelets arranged
almost perpendicularly to the fiber axis (A), open tipsmarkedby arrows (B, C, D), and twisted growth (D). The blue dotted lines
in (C) indicate that the diameter of nanofiber becomes smaller.

Figure 3. (A) XRD patterns of GNS/CNF, pure GNS, and CNTs. (B) Raman spectra of GNS/CNF and pure GNS. The blue dotted
line in (A) indicates the (002) diffraction peak of graphite.
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initial cycle (Figure 4C), the electrode becomes highly
reversible (>98%). More importantly, the CNF/GNS
composite exhibits a much better cycling performance
than pure graphene (Figure 4C). It can be seen that the
reversible capacity of CNF/GNS after 30 cycles at
0.12 mA/cm2 decreases by 9%, and for pure graphene
by 38%, respectively. On the basis of the above results,
there is a strong synergistic effect between nanofibers
and graphene sheets in the composite, which becomes
much more apparent with higher cycle number and
plays a central role in the excellent cyclic performance
of the CNF/GNS composite.
Rate capability is an important factor for the use of

lithium ion batteries (LIBs) in power applications. A
good electrochemical energy storage device is re-
quired to provide its high energy density (specific
capacitance) at a high charge/discharge rate.31,32 The
rate performance of the GNS/CNF electrode is shown in
Figure 4D. At current densities of 0.36, 0.6, 1.2, 2.4, and
6 mA/cm2, the reversible capacities of GNS/CNF reach
ca. 420, 385, 329, 229, and 189 mAh/g, respectively,
which are higher than those of GNS, CNT, CNF, CNF/
natural graphite, and natural graphite (Figure 5). The
results imply that the 3D carbon nanostructure of GNS/
CNF is robust and very effective for improving the rate
performance.
To understand the reasons for the excellent rate

capability of GNS/CNF, electrochemical impedance

spectroscopy (EIS) measurements were carried out
after the 20th cycle at a rate of 0.5C (Figure 6). In
general, the high-frequency semicircle (Rf) corre-
sponds to the formation of an SEI film and/or
contact resistance, and the charge-transfer resistance
Rct is assigned to the charge-transfer impedance
on the electrode/electrolyte interface; the inclined line
at an approximate 45� angle to the real axis corre-
sponds to the lithium-diffusion process within the
carbon electrodes.48,49 Apparently, the values of Rf
and Rct for the GNS/CNF electrode decrease by a

Figure 4. (A) Galvanostatic charge/discharge curves of GNS and GNS/CNF electrodes at a current density of 0.12 mA/cm2.
(B) Cyclic voltammograms of GNS/CNF in LiPF6with Li as counter and reference electrode at a scan rate of 0.1mV/s. (C) Cycling
performances of GNS and GNS/CNF electrodes at a current density of 0.12 mA/cm2. (D) Rate performances of the CNF/GNS
electrode at different current densities.

Figure 5. Comparison of the rate capabilities of CNF/GNS,
GNS, CNT, commercial natural graphite discharged at C/5,45

CNF (30 nm in diameter),46 CNF/natural graphite,47 and
natural graphite spheres.47
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factor of 2 after 20 cycles, implying that the GNS/CNF
electrode possess a high electrical conductivity
and a rapid charge-transfer reaction for lithium ion
insertion and extraction. This can be further
supported by simulating their kinetic parameters via

the typical Randles equivalent circuit.49 As expected,
the exchange-current density io of GNS/CNF is in-
creased by a factor of 2 after the 20th cycle, implying
that the electrochemical activity of GNS/CNF is
enhanced.
As a combination of the highly reversible capacity,

excellent cyclic performance, and high-rate perfor-
mance, the GNS/CNF electrode is a promising candi-
date anode material for high-performance LIBs.
Though the high surface area of the GNS/CNF compo-
site leads to a large irreversible capacity loss due to the
electrolyte decomposition and formation of an SEI
layer in the first cycle, the porous structure of GNS/
CNF can supply a reduced effective diffusion distance
for Li ions and buffer against the local volume change
during Li insertion/desertion, resulting in better rate
capability and cycling performance.31,50 In addition,
such pronounced electrochemical performance can be
ascribed to the unique structure of CNF/GNS with a
variety of favorable properties, as shown in Figure 7.
First, the 3D carbon network acts as a structural buffer

for the large expansion/shrinkage of volume during
the Li insertion/extraction, enabling good electrical
contact during the cycling process.51 Second, many
cavities, open tips, and edge-exposed graphene plate-
lets for the nanofibers can provide extra space, and the
micro-nanochannel among graphene platelets and
nanofibers is beneficial for the fast ion transfer and
reduced diffusion paths for Liþ storage. Finally, the 3D
interconnected architecture maintains mechanical in-
tegrity and high electrical conductivity of the overall
electrode.

CONCLUSIONS

We developed a simple process for the fabrication
of 3D CNF/GNS hybrid material via a CVD approach.
The nanofibers with many cavities, open tips, and
edges of exposed graphene platelets are homoge-
neously distributed in between the graphene sheets
as spacers to separate the neighboring graphene and
are beneficial for fast ion/electron transfer and suffi-
cient contact between active materials and electro-
lyte. Moreover, the synergistic effect between
nanofibers and graphene sheets is beneficial for
efficiently preventing volume expansion/shrinkage,
resulting in good electrical contact during the cycling
process. As a result, this hybrid material shows a
significant fully reversible capacity (667 mAh/g),
high-rate performance, and cycling stability. The sim-
ple CVD approach offers a new pathway for large-
scale production of novel hybrid carbon materials for
energy storage.

EXPERIMENTAL SECTION

Material Synthesis. Graphite oxide was synthesized from nat-
ural graphite (300 μm, Qingdao Graphite Company) by a
modified Hummers method.52 As-synthesized GO was sus-
pended in water to give a brown suspension, which was
subjected to dialysis to completely remove residual salts and
acids. Exfoliation of 0.2 g of GO was achieved by ultrasonication
in an ultrasonic bath (KQ-600KDE, 600 W). After that, 0.2 g of
Co(NO3)2 3 6H2O and 0.8 g of urea were added into the above
suspension. Subsequently, the resulting suspension was heated
using a microwave oven (Haier, 2450 MHz, 700 W) for 15 min.
After filtration and desiccation, the sample was placed in a
fluidized bed reactor and heated to 700 at 20 �C/min in Ar
(99.999%) atmosphere with a flow rate of 400 sccm. Subse-
quently, H2 (99.999%) and ethylene (99.95%)were introduced in
turn at the same temperature with a flow rate of 150 and 200

sccm, respectively, and kept at these conditions for 30 min.
Finally the system was cooled to room temperature in an
Ar atmosphere. In addition, pure graphene microspheres
(thickness range from 3 to 7 nm)53 and multiwalled CNTs54

were also used for comparison.
Material Characterization. The as-prepared samples were char-

acterized by X-ray diffraction (XRD, TTR-III), a scanning electron
microscope (SEM, Camscan Mx2600FE), a transmission electron
microscope (TEM, JEM 2010), an atomic force microscope (AFM,
Nanoscope IIIa), and Raman spectroscopy (Jobin-Yvon HR800,
457.9 nm). The Brunauer�Emmett�Teller (BET) surface areas
of the samples were measured at 77 K using NOVA 2000
(Quantachrome, USA).

Electrochemical Measurement. Lithium sheets were used as
both reference and counter electrodes, and a composite
electrode comprising active mass, carbonaceous additive

Figure 6. Nyquist plots of the GNS/CNF electrode after the
first and 20th cycle with an amplitude of 5.0 mV in the
frequency range from 100 kHz to 10 mHz.

Figure 7. Discharge (Liþ insertion) and charge (Liþ

extraction) processes of the GNS/CNF electrode.
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(acetylene black, 10 wt %) and poly(vinylidene difluoride)
(PVDF, 10 wt %) binder was used as the working electrode. A
1 M LiPF6 solution in a 1:1:1 (volume) mixture of ethylene
carbonate (EC), ethylmethyl carbonate (EMC), and dimethyl
carbonate (DMC) was used as the electrolyte. The density of
the electrode materials was 0.628 g/cm3. The cells were galva-
nostatically charged and discharged in the voltage range from
0.01 to 3 V vs Li/Liþ at different current densities. The cyclic
voltammetry measurement was carried out on a CHI 660C
electrochemical workstation at a scan rate of 0.1 mV s�1. The
ac impendence spectra were obtained by applying a sine wave
with an amplitude of 5.0 mV over the frequency range from 100
kHz to 0.01 Hz.
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