
Novel Hybrid Carbon Nanofiber/Highly Branched Graphene
Nanosheet for Anode Materials in Lithium-Ion Batteries
Haejune Kim,† Xingkang Huang,† Xiaoru Guo, Zhenhai Wen, Shumao Cui, and Junhong Chen*

Department of Mechanical Engineering, University of Wisconsin-Milwaukee, 3200 North Cramer Street, Milwaukee, Wisconsin
53211, United States

*S Supporting Information

ABSTRACT: The novel hybrid carbon nanofiber (CNF)/highly
branched graphene nanosheet (HBGN) is synthesized via a simple two-
step CVD method and its application as the anode material in a lithium-
ion battery (LIB) is demonstrated. The CNFs offer a good electrical
conductivity and a robust supporting structure, while the HBGNs provide
increased Li storage sites including nanoporous cavities, large surface area,
and edges of exposed graphene platelets. The hybrid material showed a
reversible capacity of 300 mAh g−1 with excellent cycling stability. Our
study provides a new avenue for design and synthesis of carbon−carbon
hybrid materials for versatile applications.
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■ INTRODUCTION

Nanostructured carbon exists in various types of allotropes: 0-
dimensional fullerenes (C60), 1-dimensional carbon nanotubes
(CNTs) and carbon nanofibers (CNFs), and 2-dimensional
graphenes (or GNS: graphene nanosheet). Each carbon
allotrope that is characterized by its unique shape, dimension-
ality, and properties can be used as a building block to
synthesize new hybrid materials by combining two or more
allotropes.1 Novel hybrids with a new structure and new
morphology can be realized by two representative methods: (1)
mixing surface-treated carbon materials2−4 and (2) employing
catalytic seeds for 1D carbon growth on 2D graphene.5−7

Among these carbon allotropes, the recent discovery of the
wonder material graphene has totally changed our view of the
nanoscopic world, owing to its special structure and proper-
ties.8−10 Graphene is a one-atom-thick 2D sheet of sp2-bonded
carbon atoms having exceptional mechanical, electrical, and
thermal transport properties.11−13 In particular, graphene
exhibits remarkably high electron mobility even at ambient
temperatures.14,15 Graphene can be produced by exfoliating
graphite,16,17 epitaxial growth from a SiC single crystal
surface,18,19 solvothermal reaction,20 and chemical vapor
deposition (CVD).12,21,22 There have been various approaches
to take advantage of the unique properties of graphene in
optoelectronics,23,24 sensing,25,26 and energy storage.27−30

Recently, Chae et al. designed a new hybrid of CNT/graphene
integrated with a wrinkled Al2O3 layer, demonstrating great
potential for stretchable and transparent electronics.31 Kim et
al. developed a superelastic and fatigue-resistant 3D-CNT
network by coating it with a few layers of graphene, which
improves the Young’s modulus by a factor of 6.32 Previously,
our group reported a CNT hybrid material covalently bonded

with graphene leaves33 and highly branched graphene nano-
sheets (HBGNs) directly grown on a planar graphene sheet.34

HBGNs are a few layered graphene nanosheets with open
boundaries, which have similar structural characteristics to
carbon nanowalls (CNWs). However, different from CNWs,
HBGNs are composed of a highly dense, small graphene
domain with less than 5 nm in lateral dimension, and the
“standing” graphene sheets are randomly oriented.
In this study, we investigate novel hybrid CNF/HBGN for

anode materials for LIB application. HBGNs can be grown on
any electrically conductive substrate without adding any
catalyst. We used direct growth of CNFs on type 304 stainless
steel for hybridizing with HBGNs. In contrast to the loosely
bound hybrids prepared by simply mixing two materials or
catalytic growth on a graphene surface, the hybrid CNF/
HBGN will provide a continuous conduction pathway, which is
expected to lead to a high charge carrier mobility. CNFs will
offer good electrical conductivity and a robust support
structure, while HBGNs offer increased Li storage sites. The
controlled synthesis method for hybrid CNF/HBGN will offer
insights into the bottom-up design of carbon−carbon bond
formation.
The CNF/HBGN synthesis is accomplished through a two-

step CVD process. The experimental details can be found
elsewhere.33,35 In brief, the two-step CVD process consists of a
CVD method for CNF growth and a plasma-enhanced CVD
(PECVD) method for HBGN growth, both of which were
catalyst-free atmospheric pressure growth. We modified a CNT
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growth method described by Baddour et al.36 to synthesize
CNFs. The CNF growth was conducted without applying
additional catalysts that are generally required to nucleate
CNFs through C atom diffusion over the catalyst. CNFs were
directly grown on type 304 stainless steel (Fe/Cr/Ni =
70:19:11 wt %, Alfa Aesar) that contains a large fraction of iron
and nickel. To facilitate the growth of CNFs, the surface
condition of stainless steel needs to be modified to create
particle-like active catalytic sites. In this pretreatment step, the
native passive oxide film (Cr2O3) was etched away with 35 wt
% hydrochloric acid (HCl) for 10 min. This etching process can
be replaced by mechanically polishing the surface of stainless
steel without difficulty since the passive oxide layer is only a few
nanometers thick. Next, the acid-treated stainless steel was
thermally annealed for 30 min at 850 °C in a tube furnace
under hydrogen environment. The temperature of the reactor
was decreased to 700 °C, and the CNF started to grow under
the acetylene, hydrogen and water-containing argon flow.
Subsequently, HBGNs were synthesized on the CNF substrate
using an atmospheric-pressure direct current (dc) PECVD
method as shown in Supporting Information Figure S1. A pin-

plate electrode in a quartz tube reactor was equipped with high
voltage supply. The two electrodes, separated by about 10 mm,
were installed perpendicular to the flow direction, which did
not require any conductive paste or fixture to hold the sample.
A mixture of acetylene (C2H2) and argon (Ar) with water vapor
was introduced into the quartz tube in the reactor. The typical
flow ratio of C2H2 to Ar was 10 and the temperature of the
reactor was 700 °C. When a dc voltage of about 3 kV was
applied, the dc glow discharge formed between the electrodes
and HBGNs started to grow on the surface of CNFs. The
dissociated carbon precursors under the glow-discharge plasma
nucleated on the surface of CNFs and started to grow
perpendicular to the substrate. As the growth continued, more
graphene sheets nucleated on the surfaces and edges of pre-
existing graphene sheets, producing graphene sheets with a
smaller domain size. HBGNs eventually cover the entire surface
of the CNFs.
The CNF/HBGN on stainless steel was transferred to the

glovebox (H2O and O2 level below 1 ppm) for coin cell
assembly. The as-produced CNF/HBGN on stainless steel was
used as an electrode without binder or conductive additives.

Figure 1. (a) SEM image of as-received stainless steel, (b) SEM image of stainless steel after chemical/thermal treatment, (c, d) AFM topography
images of stainless steel after chemical/thermal treatment, and (e, f) SEM images of CNFs grown on stainless steel; inset in Figure 1e shows the
histogram of the CNF diameter.
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The total weight change of CNF/HBGN (loading density:
∼0.3 mg cm−2) on stainless steel was measured for capacity
calculation before and after the two-step CVD process. A 2032

coin type half-cell was assembled for electrochemical tests with
a working electrode, a Celgard 2322 membrane separator, and
Li foil as a reference and counter electrode. The electrolyte

Figure 2. High-resolution TEM images of (a) CNFs and (b) HBGNs.

Figure 3. (a, b) SEM images of CNF/HBGN on stainless steel (top view), (c, d) SEM images of CNF/HBGN on stainless steel (side view), (e)
TEM image of a bare CNF, and (f) TEM image of a CNF/HBGN hybrid.
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consisted of 1 M LiPF6 in a nonaqueous solution of ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) of 40:60
volume ratio.
The electrochemical charge−discharge cycles were tested at a

LAND CT2001A workstation. Electrochemical impedance
spectra (EIS) were analyzed using a CHI 660D electrochemical
workstation with an amplitude of 10 mV. Scanning electron
microscopy (SEM) analysis was performed on a Hitachi S-4800
SEM with a stated resolution of 1.4 nm operated at 1 kV
acceleration voltage. Transmission electron microscopy (TEM)
analysis was conducted on a Hitachi H 9000 NAR TEM, which
has a stated point resolution of 0.18 nm operated at 300 kV in
the phase contrast, high-resolution TEM (HRTEM) imaging
mode. Brunauer−Emmet−Teller (BET) specific surface area
was measured with a Micromeritics ASAP 2020 using the N2
adsorption at the temperature of liquid nitrogen. Raman
measurements were taken using a Reinshaw 100B with a spot
diameter of 4 μm and an excitation wavelength of 633 nm.
Type 304 stainless steel contains a high content of iron and

nickel, which were used as catalysts to grow CNFs without an
additional process to deposit catalysts. In Figure 1a, the SEM

image shows the clean surface of as-received stainless steel foil.
The stainless steel foil was chemically/thermally treated to
facilitate the catalyst island formation on the surface. After
chemical/thermal treatment, particle-like catalysts were pre-
cipitated on the stainless steel as shown in Figure 1b. The
diameter of CNFs is closely associated with the size of the
catalyst. The wide diameter distribution of CNFs is attributed
to the wide size distribution of precipitated catalyst particles
(Figure 1c, d). In Figure 1e, highly dense CNFs grew
intertwined with diameters in the range of 100−400 nm (see
inset histogram of CNF diameter). Figure 1f shows diamond-
shaped catalyst particles located in the middle of the CNF. The
CNF continues to grow in two opposite directions on the
catalyst face. CNF is an ideal platform for bridging the current
collector and active materials, since all CNFs are directly
connected to the stainless steel and provide robust mechanical
support for the HBGNs.
The morphology of HBGNs is very different from solution-

grown graphene, which usually forms a wrinkled paper-like
structure. After synthesizing HBGNs on the surface of the
CNFs, the diameter of the hybrid was increased. The BET

Figure 4. (a) Cycle performance (charge, discharge, and Coulombic efficiency or CE) of CNF/HBGN and CNF electrodes between 0.01 and 1.5 V
at a current rate of 0.5 C (or 150 mA g−1) in the first 3 cycles, and 1 C (or 300 mA g−1) for the rest of the cycles, (b) charge/discharge profiles of
CNF/HBGN, (c) charge/discharge profiles of CNF, (d) differential capacity (dQ/dV) profiles of CNF/HBGN, and (e) differential capacity (dQ/
dV) profiles of CNF.
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surface area for the CNFs and HBGNs was found to be 65 and
269 m2 g−1,34 respectively. The surface area of CNFs was
increased by the fusion with HBGNs. In Figure 2, a high
resolution TEM image reveals no long-range order in the
CNFs, suggesting incomplete graphitization, while the HBGNs
shows ordered graphite lattices, indicating the HBGNs are
composed of a few layers of graphene. The SEM image in
Figure 3a−d clearly shows that the HBGNs totally cover the
entire external surface of the CNFs, exposing the edge of the
graphene platelet. The diameter of the CNF/HBGN gets
thicker at the tip of the CNFs because of the enhanced electric
field at the tip. Likewise, denser CNF/HBGNs were observed
on the top surface of the electrodes as shown in Figure 3c,
which shows a TEM image of the smooth surface of bare
CNFs. After ultrasonication of the CNF/HBGNs for 1 h, the
hybrid was transferred onto the TEM grid. The surface of the
CNF was still covered by graphene sheets, proving that there is
strong adhesion between CNF and HBGN, as shown in Figure
3f. The strong adhesion may be attributed to the chemical
bonding between a CNF and a HBGN.
Raman spectroscopy was used to investigate the structural

properties of the CNF/HBGN hybrid. Supporting Information
Figure S2 shows the representative Raman spectra of CNF,
HBGN, and CNF/HBGN having characteristic D band and G
band. The D band is related to the structural disorder of
graphite, and the G band is ascribed to in-plane sp2 carbon
atom vibration, indicating the formation of graphitized
structure. The Raman spectrum of the CNFs displays two
prominent peaks at 1327 and 1598 cm−1. After the deposition
of HBGNs on CNFs, those peaks shifted to 1325 and 1603
cm−1, similar to those seen for HBGNs. Furthermore, the 2D
peak at 2659 cm−1 and S3 peak at 2905 cm−1 appeared,
indicating the presence of graphitized structure. However, the
intensity ratio of D and G bands (ID/IG) for HBGN and CNF/
HBGN increased to about 2.2, whereas the ID/IG for CNFs is
about 1.4. The increase in ID/IG suggests that the degree of
disorder in the hybrid increased by combining the CNFs with
the HBGNs. On the other hand, owing to the unique structure
of the HBGNs, the presence of graphene edges that are
perpendicular to the substrate can be seen as defects, which
may contribute to the increased intensity of the D peak to some
degree.37 When the laser beam is on the graphene edge or
when the incident light polarization and the edge are parallel,
the D peak intensity becomes strong.
XPS analysis was conducted in order to investigate the

surface condition of the acid treated stainless steel. The passive
film of chromium oxide on the surface of stainless steel was
removed after etching in 35 wt % HCl as shown in Supporting
Information Figure S3. XPS results also indicate the iron oxide
(Fe 2p3/2 peak at 711 eV for Fe3+) decreased significantly after
acid etching due to the removal of the iron oxide passive film,
which was dominant on the top surface of the stainless steel.38

We also confirm that there was no CNF growth on nontreated
stainless steel as opposed to the very dense black CNF growth
on the acid treated surface in Supporting Information Figure
S4. The patterned growth of CNF/HBGNs is possible by
selectively treating the stainless steel substrate in an acid
solution.
The CNF/HBGN hybrid was investigated as an anode

material for use in LIBs. The electrochemical performance of
the CNF/HBGN electrode was tested through a galvanostatic
charge (delithiation)/discharge (lithiation) cycle. In Figure 4a,
the cycling performance results showed slight improvement in

energy density on the CNF/HBGN electrode compared to
CNF alone. The increase in energy density of the hybrid
materials may be attributed to the increased number of Li
storage sites such as the enlarged surface area, edges of
graphene films, and nanoporous cavities of the hybrid materials.
The reversible capacity of the CNF/HBGNs after 200 cycles
stayed at about 300 mAh g−1, while the reversible capacity of
CNF alone after 150 cycles was about 200 mAh g−1. Parts b and
c of Figure 4 show the charge/discharge profiles of the CNF/
HBGN and the CNF electrode, respectively.
The Li intercalation behavior of these electrodes was very

similar to each other, but different from that of a conventional
graphite electrode. The capacity above 0.5 V is attributed to the
faradic capacitance on the surface and edges of the graphene,
and the capacity below 0.5 V is due to the Li intercalation into
the graphene layers.39 The discharge voltage profiles did not
show a distinct plateau below 0.5 V, which is different from the
Li-intercalation into graphite exhibiting a plateau at about 0.1
V.40 These results indicate that the electrodes may be
composed of disorderly stacked graphene sheets.27 The
electrodes exhibited very low Coulombic efficiency (CE),
about 25% in the first cycle due to the SEI layer formation on a
large surface area, and an irreversible reaction with amorphous
carbon impurities and the oxygen-containing functional groups.
The electrochemical reactivity was examined by the dQ/dV
profiles, which were acquired by numerical differentiation of the
galvanostatic cycling data. The SEI formation is clearly
evidenced by large peaks at around 0.8 V in Figure 4d and e,
which disappeared in the subsequent cycles. It should be noted
that there was no measurable weight change on the CNF
substrate after 1/2 h of HBGN growth, indicating that the
amount of HBGNs was less than 0.005 mg. Uncertainty in the
specific capacity calculation according to the precision of the
balance (Sartorius CPA225D with a resolution of 0.01 mg) was
estimated to be less than 6 mAh g−1.
By coating the CNFs with graphene films, the increased

surface area of the hybrid provided more Li-ion storage sites,
while CNF provides a strong mechanical support and a good
electrical conductivity. Supporting Information Figure S5a
shows the Nyquist plot of the CNF anode, tested using a three-
electrode cell, exhibiting two semicircles and an inclined line.
The first semicircle at high frequencies is related to the SEI
layer while the second semicircle at intermediate frequencies is
ascribed to the charge transfer process; the inclined line at the
low frequency zone is associated with the Li ion diffusion.41

The impedance spectra were fitted by a Zview software using
the equivalent circuit shown in Supporting Information Figure
S6. The Ohmic (including the electrolyte resistance and the
contact resistance), SEI layer, and charge transfer resistances for
the CNF anode were measured as 2.2, 453.9, 168.3, and 342.2
Ohm, respectively. The small Ohmic resistance suggests the
good contact between the CNFs and the current collector
(stainless steel foil), and the good electrical conductivity of the
CNF anode. On the other hand, the SEI layer, charge transfer,
and Li ion diffusion resistances for the CNF anode are high,
which is consistent with its electrochemical performance,
namely, delivering only 200 mAh g−1 at 300 mA g−1. In
contrast, the Ohmic, SEI layer, charge transfer, and Li ion
diffusion resistances for the hybrid CNF/HBGN were 0.88,
14.4, 11.7, and 32.2 Ohm, respectively. This means that all of
the resistances were reduced after the growth of HBGNs on the
CNFs. The increased specific surface area by HBGNs helped to
decrease the resistance, and the thin wall thickness of HBCNs
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contributed to the fast charge transfer and Li ion diffusion. As a
result, the CNF/HBGN anode exhibited significantly improved
performance, namely, delivering 300 mAh g−1 at 300 mA g−1

(improved by 50% compared with that of the CNF anode).
Therefore, the hybridization of the CNFs and HBGNs showed
synergistic effects for Li-ion battery applications.

■ CONCLUSION
In summary, we have developed a simple two-step CVD
method to synthesize hybrid CNF/HBGNs for LIB application.
The lithium insertion behavior of the CNF/HBGN was
studied. Using CNF/HBGNs as anode materials leads to a
higher Li storage capability compared to CNF alone. The
HBGNs with nanoporous cavities, large surface area, and edges
of exposed graphene platelets provide not only more sites for
Li-ions to be stored but also high electrical conductivity and
chemical stability. Moreover, the covalently bonded hybrid
structure and substrate-bound CNFs provide fast ion/electron
transfer. The hybrid material shows a reversible capacity of 300
mAh g−1 with excellent cycling stability. Higher purity and
higher degree of graphitization of as-produced CNFs may be
achieved by further chemical and thermal treatment, improving
the charge capacity of CNFs, thus overall charge capacity of the
hybrid is also expected to increase. With its large surface area
and good electrical conductivity, this unique hybrid structure is
also promising for supercapacitor applications. Our synthesis
methods using PECVD provide a new technique for the design
and synthesis of hybrid materials for versatile applications. In
addition, commercially available, low cost CNFs will make the
fabrication process readily scalable.
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