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ABSTRACT: To improve the electrochemical performance of
cobalt oxide owing to its inherent poor electrical conductivity
and large volume expansion/contraction, Co3O4-carbon nano-
sheet hybrid nanoarchitectures were synthesized by a facile and
scalable chemical process. However, it is still a challenge to
control the size of Co3O4 particles down to ∼5 nm. Herein, we
created nanosized cobalt oxide anchored 3D arrays of carbon
nanosheets by the control of calcination condition. The uni-
formly dispersed Co3O4 nanocrystals on carbon nanosheets
held a diameter down to ∼5 nm. When tested as anode
materials for lithium-ion batteries, high lithium storage over
1200 mAh g−1 is achieved, whereas high rate capability with
capacity of about 390 mAh g−1 at 10 A g−1 is maintained through nanoscale diffusion distances and interconnected porous
structure. After 500 cycles, the cobalt oxide-carbon nansheets hybrid display a reversible capacity of about 970 mAh g−1 at
1 A g−1. The synergistic effect between nanosized cobalt oxide and sheetlike interconnected carbon nanosheets lead to the greatly
improved specific capacity and the initial Coulombic efficiency of the hybrids.
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■ INTRODUCTION

Lithium-ion batteries have achieved great success in electricity
storage and supply.1 The main challenges in this field are
achieving high reversible capacity, stable cycle performance and
excellent rate capability for suitable electrode materials.2−5

Thus, various electrochemically active materials made of carbon,
metal, metal oxide, and sulfide have been recently designed for
enhanced lithium storage. In particular, transition metal oxide is
considered as a promising anode candidate as a result of the
advantages associated with its high theoretical capacity, environ-
mental friendliness, and low cost.4 Among these transition metal
oxides, Co3O4 has received a particular interest as one of the
most promising anodes due to its high theoretical capacity of 890
mAh g−1. Unfortunately, transition metal oxides suffer from poor
cycling performance and low rate capability due to large specific
volume changes upon cycling and sluggish kinetic of both
electron and lithium-ion transport.
To circumvent the poor cycle and high-rate problems of

transition metal oxides, tremendous efforts have been made to
improve its electrochemical performance by optimizing the size
of particles,6,7 coating with electronically conductive layers,8−10

and constructing a three-dimensional conducting networks.11,12

In this respect, a variety of carbonaceous materials, including
porous carbons,13 carbon aerogels,11 carbon nanofibers,14,15

carbon nanotubes,16,17 and graphene,12,18,19 have been utilized
for the incorporation of metal oxides. Graphene with high elec-
trical conductivity, good flexibility, and high chemical stability

has been widely used to support metal oxides, which facilitates
electron transport and Li+ diffusion of anchored host materials.
Graphene-based hybrid materials exhibit enhanced lithium
storage,20,21 but the synthesis process of high-quality graphene
is still complicated. Recently, metal oxide nanoparticles
embedded in porous carbon nanofibers have been successful
synthesized by a low-cost electrospinning technique which also
exhibited improved specific capacity and rate capability.14,15

However, the controllable synthesis of nanosized metal oxides
is still a challenge.
Recently, graphene-like carbon nanosheets were successfully

achieved by using biomass, which is a cost-effective approach to
create value-added materials.22 The obtained partially graphitic
3D arrays of 2D carbon nanosheets exhibit high surface area
and good electrical conductivity, which are different from
conventional biomass-derived activated carbons. Such low-cost
carbon nanosheet shows great potential in the substitution of
graphene materials, which can be used as conducting networks
to support metal oxides with controlled size. Here, we demon-
strate an efficient strategy to large-scale fabrication of carbon
nanosheet-supported cobalt oxide hybrid architectures. The
resulting hybrid architectures retained most of the structural
properties of carbon nanosheets, such as high conductivity, and
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interconnected porous structure, which can not only facilitate
easy access of the electrolyte ions into the electrode and ensure
fast diffusion of electrons, but also can prevent the aggregation
of metal oxides and accommodate the volume change during
cycling process. As a result, the carbon nanosheets-cobalt oxide
hybrid nanoarchitectures can achieve high reversible capacity,
superior rate capability, and excellent cycling performance, thus
exhibiting great potential as an anode material for lithium
storage.

■ EXPERIMENTAL SECTION
Synthesis of Co3O4-carbon nanosheet hybrid. Similar to that

previously reported, carbon nanosheets were synthesized by combined
hydrothermal carbonization and chemical activation techniques using
hemp bast fiber as the precursor.22 The resultant carbon nanosheets
were denoted as CNS. The CNS assemblies were first treated with 50
wt % HNO3 at 60 °C for 4 h.13 CoCl2·6H2O (0.25 mmol) and urea
(1.25 mmol) were added to 100 mL of water, followed by the addition
of 20 mg of acid-treated CNS. Subsequently, the mixture was refluxed
under stirring at 120 °C for 6 h. After cooling to room temperature,
the composites were washed with deionized water and dried at 60 °C.
Finally, the samples were heated at 350 or 500 °C for 5h under an
argon atmosphere. The obtained composites were labeled as Co3O4/
CNS-T, where T represents the calcination temperature. Bare Co3O4
was prepared as above-described without the addition of CNS.
Characterization. The X-ray diffraction (XRD) was carried out on

a Bruker D8 Discover diffractometer using Cu Kα radiation. The
morphology of the composite was examined by filed-emission
scanning electron microscopy (SEM). Transmission electron micros-
copy (TEM) was conducted with a JEOL JEM-2010 microscope
operated at 200 kV. Thermogravimetric analysis (TGA, PerkinElmer
TGA 4000) was measured with a heating rate of 5 °C min−1 under
200 mL min−1 of flowing air. X-ray photoelectron spectroscopy (XPS)
analysis was conducted with an ULTRA (Kratos Analytical)
spectrometer equipped with Al Kα X-ray source. Fourier transform
infrared spectra (FTIR) were acquired using Nicolet 8700 spectro-
meter in the range of 4000−400 cm−1. Raman spectroscopy analysis
was performed with a confocal microprobe Raman system (Thermo
Nicolet Almega XR Raman Microscope). The measurement of the
nitrogen adsorption−desorption isotherms was done with a Quantach-
rome Autosorb-1 at −196 °C.
Electrochemical Measurements. Electrochemical performance

was evaluated via CR2032-type coin cell on a computer controlled
Land Battery Measurement System (CT2001A) at various current den-
sities of 0.1 A g−1 to 10 A g−1 in the fixed voltage range of 3−0.01 V vs.
Li/Li+ at room temperature. The working electrode was composed of 80
wt % active material, 10 wt % acetylene black (Super P), and 10 wt %
poly(vinylidene fluoride) (PVDF) binder dissolved in N-methyl-2-
pyrrolidinone (NMP). The loading density of the electrodes ranged
from 0.6 to 1.0 mg cm−2. The coin cells were fabricated inside an
Ar filled glovebox using Li metal as the counter electrode, poly-
ethene separator, and 1.0 M LiPF6 in 1:1 (volume ratio) ethylene
carbonate:dimethyl carbonate (EC/DMC) as the electrolyte.

■ RESULTS AND DISCUSSION
The overall synthetic procedure for Co3O4/CNS composite is
illustrated in Scheme 1. During hydrolysis, urea uniformly
releases hydroxyl ions in the mixture, which results in the pre-
cipitation of hydroxides.23 The hydrophilic functional groups
on the highly porous carbon nanosheet act as anchoring sites
for the precipitates. Finally, the precipitates are converted into
metal oxides after calcination. Notably, the weight fractions of
cobalt oxide in the as-prepared hybrid architecture deter-
mined from TGA is about 49.5 wt % (Figure S1, Supporting
Information), which can be controlled by adjusting the ratios
between the metal salts and the CNS. Both advantages of
nanoscale cobalt oxide and sheet-like interconnected carbon

nanosheets are combined based on the following concepts: the
high surface area and abundant porosity of carbon nanosheets
can provide sufficient anchoring sites for cobalt oxide and
ensure fast electrolyte transport; the nanostructured cobalt
oxide can short the Li diffusion pathway and enhance the elec-
trochemical properties; and the interconnected carbon nano-
sheets can be served as high electron transport networks.
Figure 1a shows the XRD patterns of carbon nanosheets, the

Co3O4/CNS composite, and bare Co3O4. The carbon nano-
sheets shows two significant diffraction peaks centered at 2θ =
22.1 and 43.9° attributed to the (002) and (100) reflections of
graphitic carbon, respectively. The intensity ratio of G-band
(∼1590 cm−1) and D-band (∼1340 cm−1) in the Raman spec-
trum depends on the graphitization degree. The ratio of the
integrated intensities (IG/ID) for CNS is 0.86 (Figure S2,
Supporting Information), which is higher than previously re-
ported commercial activated carbon,24 confirming the partially
ordered graphitic structure of CNS. With the incorporation
of cobalt oxide, all the diffraction peaks can be assigned to
spinel Co3O4 except for the peaks of CNS. This indicates that
the synthesized composites are composed of well-crystallized
Co3O4 and CNS. Compared to that of pure Co3O4, the Co3O4/
CNS composites exhibit broader peak and weaker intensity,
suggesting the decoration of nanoscale metal oxide on the
surface of carbon nanosheets. As the calcination temperature
increased, the peak intensity of the crystalline Co3O4 in the
composites becomes stronger, suggesting the growth of cobalt
oxide nanocrystals.
Growth of Co3O4 nanocrystals on CNS was confirmed by

TEM for both composites. Figure S3 (in the Supporting
Information) highlights the interconnected graphene-like
morphology of as-prepared carbon nanosheets. Figure S4 (in
the Supporting Information) displays the Co3O4/CNS com-
posite layers without finding individual cobalt oxide particles or
carbon nanosheets, indicating that a layered structure has been
uniformly formed on the surface of carbon nanosheets. Low-
resolution TEM images of composited nanosheets exhibit a low
contrast, revealing the thin thickness of carbon nanosheets with
Co3O4 nanocrystal loading (Figure 2a, b). The TEM images
shown in Figure 2c, d confirm the uniform distribution of
Co3O4 nanocrystals. The selected area electron diffraction
(SAED) pattern clearly demonstrate the well-textured and crys-
talline nature of Co3O4 nanocrystals in the Co3O4/CNS
composite. High-resolution TEM images revealed larger
particles in Co3O4/CNS-500 (∼10−20 nm in size) than that
in Co3O4/CNS-350 (∼5 nm in size) (Figure 2e, f), attributed
to the rapid growth of cobalt oxide at higher calcination
temperature, which is consistent with X-ray diffraction patterns.
In addition, the well-resolved periodic lattice fringes with d
spacings of 0.28 ± 0.01 nm and 0.24 ± 0.01 nm come from the

Scheme 1. Schematic Illustration of the Formation of
Carbon Nanosheet-Supported Co3O4 Nanocrystals
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(220) and (311) planes of cubic Co3O4. Another phenomenon
is that, even after ultrasonication of about 0.5 h to prepare
sample for TEM evaluation, the Co3O4 nanocrystals are still

strongly attached to carbon nanosheets. Therefore, a unique
nanoarchitecture of carbon nanosheet-supported Co3O4 is
readily identified.

Figure 1. (a) Powder XRD patterns of CNS, Co3O4/CNS hybrids, and bare Co3O4. (b) Co 2p XPS spectra of Co3O4/CNS composites. (c)
Nitrogen adsorption−desorption isotherms of CNS and Co3O4/CNS. (d) Related pore size distributions, as calculated by density functional theory.

Figure 2. TEM micrographs of Co3O4/CNS-350 (a, c, e) and Co3O4/CNS-500 (b, d, f): (a, b) low-magnification TEM images, (c, d) bright-field
TEM images with inset showing the SAED patterns, (e, f) high-resolution TEM images.
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To determine the near-surface composition and chemical
states of the species in Co3O4/CNS composites, we carried out
X-ray photoelectron spectroscopy measurements. The Co 2p
XPS spectra of the composites exhibit two peaks at 780.9 and
796.4 eV, corresponding to the Co 2p3/2 and Co 2p1/2 spin−
orbit peaks of cobalt oxide (Figure 1b).25 The O 1s peak at
530.0 eV associated with the oxygen species in the Co3O4 phase
confirms the presence of Co3O4 in the composite (Figure S5,
Supporting Information).25 Another O 1s peak at ∼532.0 eV is
observed, which indicates the existence of residual O2− species
(such as −OH and −COOH) boned with C atoms in carbon
nanosheets.26 The C/O atom ratio in carbon nanosheets
decreased from 14.3 to 4.3 after nitric acid treatment, and FTIR
and XPS techniques confirm the introduction of hydrophilic
functional groups (such as −COOH, −CO, and −OH) on
the surface of carbon nanosheets (Figure S6 and S7, Supporting
Information).13 It is noteworthy that the C/O ratio for carbon
nanosheets in the Co3O4/CNS composites increased to 29.3
and 46.2 after subtracting the oxygen species involved in the
formation of Co3O4 anchored on the surface of carbon nano-
sheets. The consumed oxygen-containing groups possibly
suggest the strong interaction between carbon nanosheets
and Co3O4 nanocrystals.

27 Such strong interaction may be the
main reason to prevent the agglomeration of nanocrystals to
large particles in the presence of carbon nanosheets. Moreover,
a high C/O ratio for CNS in the composites indicates that
carbon nanosheets are good conductors in comparison to
Co3O4 nanocrystals, which can serve as a conductive network
for efficient electron transport.
The porous nature of Co3O4/CNS architectures is demon-

strated by the nitrogen adsorption−desorption measurements.
The nitrogen adsorption−desorption isotherms and pore size
distributions of CNS and Co3O4/CNS composites are given in
Figure 1c, d. All samples are found to have typical I/IV iso-
therm curves, indicating a micro/mesoporous structure. The
textural parameters of CNS and Co3O4/CNS composites are
summarized in Table S1 (in the Supporting Information). The
calculated Brunauer−Emmett−Teller (BET) specific surface
areas decrease from 2260 m2 g−1 for CNS, to 760 m2 g−1 for
Co3O4/CNS-350, and 940 m2 g−1 for Co3O4/CNS-500. The
total pore volume also decreases from 1.41 cm3 g−1 for CNS, to
0.75 cm3 g−1 for Co3O4/CNS-350, and 0.93 cm3 g−1 for
Co3O4/CNS-500. It is different from our previous report13 in
that the decrease in the specific surface area and total pore
volume with the incorporation of cobalt oxide can be mainly
ascribed to the higher density of the composites rather than the
pore filling of cobalt oxide.28 The differences of surface area and
pore volume between Co3O4/CNS-350 and Co3O4/CNS-500
may be related with the different calcination temperature.
Higher calcination temperature consumes more oxygen, which
would make the blocked pores open. Based on the previous
results,29 pore-filling would significantly reduce the pore size,
even at a relatively low loading level of guest materials. In our
case, the average pore size of the composites is slightly enlarged
from 1.70 nm to 2.16 and 2.43 nm, which can be caused by
the presence of a large interconnection void or a void space
among the Co3O4 nanoparticles. It is clear that the pore size
distributions of the composites are similar to that of CNS,
indicating the incorporation of cobalt oxide did not occupy or
block the space of pores. Thus, the unblocked pores in the
carbon nanosheets would ensure fast electrolyte diffusion, and
then the surface of metal oxides can be well-soaked in a short
time.

Motivated by the advantage of interconnected porous
structures in lithium-ion battery, electrochemical tests were
performed to evaluate the property of as-synthesized Co3O4/
CNS composites. Figure 3a, b depicts the first, 10th, 50th,
100th, 200th, and 500th cycle charge−discharge profiles of
Co3O4/CNS-350 and Co3O4/CNS-500 at a current density of
1 A g−1 in the potential range from 0.01 to 3 V. It can be seen
that the first discharge curve exhibits potential plateaus lower
than 1 V, and then shift upward higher than 1 V and become
steeper in the subsequent discharge curves, which is similar to
previously reported transition metal oxide-based anodes.30−32

The electrochemical storage mechanism of Co3O4 can be
described by the electrochemical conversion reaction: Co3O4 +
8Li+ + 8e− ↔ 3Co + 4Li2O.

27 The conversion reaction pro-
duces a Co phase in a Li2O matrix as a result of lithiation,
whereas the reformation of Co3O4 can be occurred during
delithiation. The initial reversible capacity is around 730 and
920 mAh g−1 for Co3O4/CNS-350 and Co3O4/CNS-500,
respectively (Figure 3c). The Coulombic efficiency for Co3O4/
CNS-350 rapidly rises from 73% in the first cycle to 99% in the
fifth cycle, and then remains above 99% in the following cycles,
whereas the initial Coulombic efficiency for Co3O4/CNS-500
is 70%, and then increases to above 98% after five cycles
(Figure 3d). The large irreversible capacity loss during the first
discharge/charge process could be attributed to the decom-
position of the electrolyte and the formation of solid electrolyte
interphase (SEI) layer.33 Recent in situ TEM analysis observes
an irreversible phase conversion during the first cycle, and the
reformation of CoO during delithiation can lead to the capacity
fading.34 Besides, the electronic and structural changes can also
result in the irreversible capacity loss.35 We can notice that a
higher Coulombic efficiency is observed in Co3O4/CNS-350.
The smaller particle size in Co3O4/CNS-350 can enhance the
electrochemical reactivity,36 leading to the improvement of
Coulombic efficiency. A capacity of about 710 mAh g−1 and
970 mAh g−1 at 1 A g−1 was retained after 500 cycles, which is
97% and 105% of their initial capacities (Figure 3c), indicating
the superior cyclability of Co3O4/CNS composites.
Besides the excellent cycling performance, the rate capability

is also crucial for practical applications of lithium-ion batteries.
To investigate the rate capability, the CNS, Co3O4/CNS
composites, and bare Co3O4 anodes were cycled for each ten
cycles under an increasing current density of 0.1−10 A g−1, as
shown in Figure 3e. The discharge capacities gradually de-
creased with the increase of the current rate. As we previously
demonstrated,13 CNS exhibits an excellent electrochemical
capacity as high as 1320 mAh g−1 after the 10th cycle at a
current density of 0.1 A g−1, then about 550 mAh g−1 after the
40th cycle at 1 A g−1, and about 230 mAh g−1 after the 70th
cycle at 10 A g−1. After the incorporation of cobalt oxide, the
rate performance of Co3O4/CNS was greatly improved. For
Co3O4/CNS-350, the reversible capacity is ∼1100 mAh g−1

after the 10th cycle at a current density of 0.1 A g−1, then
∼750 mAh g−1 after the 40th cycle at 1 A g−1, and ∼390 mAh g−1
after the 70th cycle at 10 A g−1. Importantly, even at a current
density of 10 A g−1, the specific capacity of Co3O4/CNS-350 is still
higher than the theoretical capacity of graphite (372 mAh g−1).
Moreover, when the current rate returns from 10 A g−1 to the
initial 0.1 A g−1, the Co3O4/CNS-350 electrode releases a much
higher capacity of ∼1230 mAh g−1 after the 100th cycle than the
initial one. Compared to Co3O4/CNS-350, Co3O4/CNS-500
exhibits higher specific capacity of ∼1520 mAh g−1 at 0.1 A g−1

and lower capacity of ∼300 mAh g−1 at 10 A g−1. For bare cobalt
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oxide, the pulverizing effect of cobalt oxide particles during charge/
discharge process results in the capacity decreasing drastically,6,27

and the reversible capacity retains 40 mAh g−1 after 40th at a
current of 1 A g−1, only maintaining 5% of the initial capacity.
Co3O4/CNS-350 and Co3O4/CNS-500 retain 73% of the initial
capacity at the current density of 0.1 A g−1, whereas the initial
Coulombic efficiency of CNS and bare cobalt oxide is 58% and
56%, respectively (Figure S8, Supporting Information). It is
generally accepted that high surface area of carbon electrode
causes heavy formation of SEI layer, which leads to low
Coulombic efficiency. For bare Co3O4, the irreversible phase
conversion can also lead to a capacity fading in the first cycle.34

The incorporation of Co3O4 nanocrystals into porous inter-
connected carbon framework can achieve lower surface area
and the strong interaction between cobalt oxide and carbon
nanosheet can reduce the irreversible phase conversion, resulting

in the significant improvement of the initial Coulombic efficiency
of the hybrids.34,37 Therefore, the combination of nanosized
cobalt oxide and porous carbon nanosheets to form inter-
connected hybrid is an effective approach to improve the specific
capacity and Coulombic efficiency of Co3O4.
It is worth noting that the specific capacity of Co3O4/CNS

hybrids exceeds that of CNS and the theoretical value of Co3O4
(890 mAh g−1), indicating a distinguished synergistic effect
between CNS and nanosized cobalt oxide.27,38 Such high
capacity can be attributed to the reversible growth of pseudo-
capacitive polymeric film and the extra lithium adsorption−
desorption on the SEI, nanocavities, and/or defects.6,15 It is
accepted that there is a gradual conversion from crystallized
metal oxide to amorphous phase during electrochemical
measurements, which provides more active sites and/or defects
for Li+ insertion/adsorption,6,39 and this effect can also lead to

Figure 3. (a) Discharge and charge curves of Co3O4/CNS-350 at a current density of 1 A g−1. (b) Discharge and charge curves of Co3O4/CNS-500
at a current density of 1 A g−1. (c) Capacity vs. cycle number curves at the current of 1 A g−1. (d) Coulombic efficiency of Co3O4/CNS composites
during the cycling measurements. (e) Rate capability, at various current densities (hollow: discharge capacity; solid: charge capacity). (f) Nyquist
plots of the as-prepared electrodes for CNS, Co3O4/CNS-350, Co3O4/CNS-500, and bare Co3O4.
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enhanced electrochemical performance for Co3O4/CNS
hybrids at high rates. Another thing worth emphasizing is the
lower value for Co3O4/CNS-500 at 10 A g−1. This explanation
can be found in the larger particle size in Co3O4/CNS-500.
The larger particle size in Co3O4/CNS-500 could hamper the
reactivity for conversion reaction at high rates,36 leading to
higher capacity loss. To emphasize the importance of nanoscale
cobalt oxide particles in Co3O4/CNS electrodes, the electro-
chemical impedance spectra (EIS) of as-prepared electrodes
were investigated (Figure 3f). Nyquist plots showed that the
diameter of the semicircle for Co3O4/CNS electrodes in the
high-medium frequency region attributed to the charge-transfer
reaction at the electrolyte/electrode interface was much smaller
than that of bare Co3O4 electrodes, suggesting lower contact
and charge transfer resistances for composites in the existence
of carbon nanosheets.11,40 The decrease in charge transfer
resistance is beneficial for improving the reaction kinetics of
the Co3O4/CNS hybrid electrode, thus enhancing their
electrochemical property. A rough comparison of EIS between
Co3O4/CNS-350 and Co3O4/CNS-500 indicates that Co3O4/
CNS-350 shows lower total resistance from electrolyte,
electrode and separator (Figure S9 and Table S2, Supporting
Information), which would help Co3O4/CNS-350 electrode to
achieve better Coulombic efficiency and rate performance. For
Co3O4/CNS-500, lower charge-transfer resistance related with
the more compact contact between cobalt oxide and carbon
nanosheets could be beneficial for higher specific capacity at
lower current. The slope of linear part in the low frequency
region is related to the diffusion of lithium ions into the bulk
electrode. For CNS, the high surface area characteristic could
lead to the formation of thick surface film, which prevents the
diffusion process.41 Therefore, the improved diffusion process
for Co3O4/CNS hybrids may be ascribed to the thinner SEI
layer, which would facilitate the diffusion process from or to the
electrolyte/electrode.

To better understand the superior electrochemical perform-
ance of the hybrid Co3O4/CNS electrodes, we plotted dQ/dV
(differential capacity) vs. voltage curves at 0.1 A g−1 in Figure 4.
A plateau in the voltage profile appears as a peak in the
differential curve.42 In the first cycle, an irreversible reduction
peak at around 0.75 V for CNS can be associated with
electrolyte decomposition and the formation of a SEI layer on
the electrode surface. There are two reduction peaks observed
at ∼0.85 and 1.00 V for the Co3O4/CNS composites and at
∼1.08 and 1.21 V for bare Co3O4 in the first cycle, which are
believed to be correspondent with the formation of a SEI layer
and the multistep electrochemical reduction reaction of Co3+ to
Co2+ and Co2+ to Co. The reduction peaks shifted to ∼1.00 and
1.42 V in the following cycles, whereas there is only one
obvious reduction peak for bare Co3O4, indicating that there
will not form Co3+ in the reverse reaction process for bare
Co3O4. The observed anodic peak at ∼1.20 and 2.10 V for the
Co3O4/CNS composites is ascribed to the oxidation process
from Li2O and Co to Co3O4. An overlay of the differential
capacity curves for Co3O4 and CNS demonstrates that the
redox reactions in the Co3O4/CNS are a composite of the
redox process in the underlying carbon and in the Co3O4. In
addition, the integrated areas of differential capacity vs. voltage
curves for Co3O4/CNS composites after the initial cycle are
much closer than that of bare Co3O4, demonstrating better
electrochemical reversibility of Co3O4/CNS composites,
instead of the poor reversibility of bare Co3O4.
The Co3O4/CNS composites display superior electro-

chemical capacities and rate capabilities, that are better than
or comparable to previously reported nanostructured Co3O4

and Co3O4/C composites (Table S3, Supporting Informa-
tion).14,15,27,30,31,34,37−39,41,43−59 The CNS can serve as
interconnected networks to ensure the formation of uniformly
dispersed Co3O4 nanocrystals. Similarly to graphene, the CNS
supports are highly electrically conductive, thus providing an
effective and continuous conductive network for fast electron

Figure 4. Differential capacity vs. voltage for (a) CNS, (b) Co3O4/CNS-350, (c) Co3O4/CNS-500, and (d) bare Co3O4 during the first, second, fifth,
10th cycles at the current of 0.1 A g−1.
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transportation. Except fast electronic transport, rapid ionic
transport is also necessary. Li-ion diffusion is strongly related
with the transportation pathway and accessible active sites
on the surface of active materials. Shorter path lengths for
ionic transport can be achieved with (1) macroscopically open
porous nanoarchitectures and (2) nanosized building blocks.
Co3O4/CNS hybrids with large surface area allows for increased
Li+ flux through the electrode/electrolyte interface, maintaining
high charging/discharging rates. Co3O4 nanocrystals with fine
size can also effectively reduce the solid-state diffusional limi-
tations of Li ions, as the diffusion time (t) is proportional to the
square of diffusion length l (l = (Dt)0.5, D is the diffusion
coefficient60). According to the literature, most reported metal
oxide/carbon composites including Co3O4/CNS-500 have
relatively bigger sizes in the range from 10 nm to hundreds
of nanometers.13,61,62 Only a few works reported the synthesis
of Co3O4/graphene hybrids with particle size of ∼5 nm by
using a microwave irradiation method or in situ reduction
process.39,44 By controlling the calcination condition, we suc-
cessfully coated Co3O4 particles with smaller size (∼5 nm) on
the surface of low-cost carbon nanosheets by a simple chemical
process. It is obvious that Co3O4/CNS-350 electrode with
smaller particle size exhibits better rate capability, which con-
firms the advantage of nanosized building blocks. All the above
characteristics from the synergistic effect between carbon
nanosheets and cobalt oxide nanocrystals make the nano-
hybrids favorable for fast electronic and ionic transfer, and
consequently result in the combination of the highly reversible
capacity, superior cyclic performance, and excellent rate
capability. We believe that such composite of carbon nanosheet
supported with well-dispersed Co3O4 nanocrystals is an
excellent candidate as anode materials for high-performance
lithium-ion batteries.

■ CONCLUSIONS

We demonstrated that Co3O4 nanocrystals were incorporated
into porous interconnected carbon framework assembled by
carbon nanosheets through a facile chemical route for high-
performance battery materials. The Co3O4 nanocrystals held a
diameter down to 5 nm and uniform dispersity on the carbon
nanosheets. The designed hybrid networks inherit the
advantages of nanosized cobalt oxide and interconnected
carbon nanosheets. Nanostructured Co3O4 particles homoge-
neously anchored on carbon nanosheets can improve the initial
Coulombic efficiency and provide short path length for Li+

transport to facilitate the lithium diffusion kinetics. Meanwhile,
carbon nanosheets act as conductive supports for the en-
hancement of electron transport. As a result, such a composite
with strong interaction between Co3O4 nanocsystals and
carbon nanosheets is capable of achieving high reversible
specific capacitiy (>1200 mAh g−1 at 0.1 A g−1), excellent cyclic
performance (capacity retention of 97/105% after 500 cycles),
and superior rate capability (∼390 mAh g−1 at 10 A g−1). In
addition, the used carbon nanosheets in the present work show
obvious advantageous than graphene materials based on their
intrinsic characteristics of interconnected structure, cost-
effective, and easy manipulation. We believe that carbon nano-
sheets can be used as an excellent substitute for graphene
materials and such high performance carbon-nanosheet-based
hybrids can offer great promise in large-scale energy-storage
device applications.
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