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CoO–carbon nanofiber networks prepared by
electrospinning as binder-free anode materials for
lithium-ion batteries with enhanced properties†

Ming Zhang,ab Evan Uchaker,a Shan Hu,a Qifeng Zhang,a Taihong Wang,*a

Guozhong Cao*b and Jiangyu Lic

CoOx–carbon nanofiber networks were prepared from cobalt(II) acetate and polyacrylonitrile by an

electrospinning method followed by thermal treatment. The XPS results demonstrated that the cobalt

compound in CoOx–carbon obtained at 650 �C was CoO rather than Co or Co3O4. The CoO

nanoparticles with diameters of about 8 nm were homogeneously distributed in the matrix of the

nanofibers with diameters of 200 nm. As binder-free anodes for lithium-ion batteries, the discharge

capacities of such CoO–carbon (CoO–C) composite nanofiber networks increased with the pyrolysis and

annealing temperature, and the highest value was 633 mA h g�1 after 52 cycles at a current density of

0.1 A g�1 when the CoO–C was obtained at 650 �C. In addition, the rate capacities of the CoO–C

obtained at 650 �C were found to be higher than that of the sample annealed at a lower temperature

and pure carbon nanofiber networks annealed at 650 �C. The improved properties of CoO–C nanofiber

networks were ascribed to nanofibers as the framework to keep the structural stability, and favorable

mass and charge transport. The present study may provide a new strategy for the synthesis of binder-

free anodes for lithium-ion batteries with excellent properties.
Introduction

As the portable devices become increasingly thinner and
lighter, there is an imperative demand for lithium-ion batteries'
(LIBs) electrode materials with high specic capacity and good
cyclic stability. As a typical anode material for LIBs, carbon
showed satisfactory cyclic performance owing to its stable solid
electrolyte interface (SEI) lms and good conductance.1

However, its specic capacity is relatively low, 372 mA h g�1,
based on the formation of LiC6.2 Preparing composites of
carbon and other electrode materials is an effective strategy to
achieve anode materials with enhanced specic capacity and
good cyclic stability.3–8 One case in point is that silicon with a
theoretical capacity of 4400 mA h g�1 was employed to prepare
Si/C composites,9–13 which displayed improved reversible
specic capacity towards the storage of Li+. When the ratio of Si
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in composites was controlled to an appropriate value, the
composites could deliver a high capacity with a good cyclic
performance. However, the synthesis of such composites
usually needs sophisticated processes and/or toxic chemicals,
including chemical vapor deposition and silane.10 Therefore, it
is necessary to develop facile and environmentally friendly
approaches to synthesize carbon-based composites with good
properties for the storage of Li+. Previous studies on cobalt–
carbon composites have demonstrated that they are good
candidates as anodes for LIBs with good performance.14�21 For
example, Co3O4–graphene composites with homogeneous
distribution of Co3O4 showed large reversible capacity, excellent
cyclic performance, and good rate capacity.14�19,21 Cobalt–
carbon composites also were prepared by electrospinning, and
showed high reversible capacity and good rate capability.17,19

However, more efforts should be made to improve the synthesis
and to get a better fundamental understanding of the mecha-
nism of the improved properties of composites.

It is well known that porous materials as electrode materials
for LIBs are of benet for enlarging the interface between
electrodes and electrolyte, the transformation of Li+, and show
improved performance.22�28 Binder and the electrical conduct-
ing carbon were commonly used to prepare electrodes,24

resulting in the time-consuming and high cost procedure, and
the transport of the electrons and Li+ may be blocked. A possible
way to circumvent these issues is to make binder-free electrode
lms composed of nanobers with good conductance.29
This journal is ª The Royal Society of Chemistry 2013
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Electrospinning could be employed to prepare the binder-free
electrodes.30,31 Firstly, nanobers arising from electrospinning
could be woven into a network. Secondly, the polymer additives
for electrospinning, such as polyacrylonitrile (PAN), could be
readily carbonized to form a carbon ber network with high
electrical conductivity. Thirdly, the network composed of
nanobers could enlarge the interface between active materials
and electrolyte, and shorten the diffusion distance of Li+.

In this study, electrospinning was employed to conveniently
prepare PAN–cobalt acetate nanober lms. Aer carbonization
of PAN and the decomposition of cobalt acetate at a high
temperature, the composite network composed of CoOx–carbon
nanobers was achieved. Owing to the high theoretical specic
capacity of CoOx,32 good stability, and excellent transport
properties of carbon, the composite networks as binder-free
anodes showed high reversible capacity and excellent cyclic
performance at a high rate. The effects of temperature for
thermal treatment on the electrochemical properties of the
networks were investigated in detail.
Experimental section

Cobalt(II) acetate tetrahydrate (Co(CH3COO)2$4H2O, Alfa Aesar
Co., Ltd., USA), polyacrylonitrile (PAN, Mw ¼ 150 000, Sigma-
Aldrich Co., Ltd., USA), and N,N-dimethylformamide (NMP, J. T.
Baker Co., Ltd., USA) were purchased and used without any
purication. To prepare the precursor solution, PAN and
Co(CH3COO)2$4H2O were dissolved in DMF to form solutions
with concentrations of 6.5 wt% and 2.5 wt%. To prepare pure
carbon bers, the precursor without cobalt acetate also was
prepared. Then the solution was transferred into a 3 mL syringe
with a stainless steel needle (0.6 mm inner diameter). A syringe
pump controlled the ow rate of the precursor solution to about
0.4 mL h�1. An aluminum foil as the collector was vertically
positioned at 15 cm away from the needle. The needle was
connected to a high voltage DC power to get a voltage of 14–
18 kV. Under these conditions, pure PAN bers and PAN–cobalt
acetate bers were generated and formed the lms of networks.
Aer being pre-oxidized at 225 �C in air for 6 h, the resulting
brown lms were treated at 550–650 �C in nitrogen for 2 h to
carbonize the PAN and decompose the cobalt acetate. The
products were marked as CoOx–C. The pure PAN bers were
treated in the same way to obtain carbon bers.

The samples were characterized by powder X-ray diffraction
(XRD) on a D8 Bruker X-ray diffractometer with Cu Ka irradia-
tion (l ¼ 0.15406 nm). The microstructure and morphology of
the composites were analyzed using a JEOL JSM-7000F scanning
electron microscope (SEM), and a FEI Tecnai G2 F20 trans-
mission electron microscope (TEM) operating at 200 kV accel-
erating voltage. Elemental analysis of samples was achieved
using energy dispersive spectroscopy (EDS). Thermogravimetric
analysis (TGA) data were collected on a Netzsch STA449C. The
crystalline phase of the samples also was detected by X-ray
photoelectron spectroscopy (XPS, Surface Science Instruments
S-probe spectrometer). The binding energy scales were cali-
brated by assigning the lowest binding energy C1s peak a
binding energy of 285.0 eV.
This journal is ª The Royal Society of Chemistry 2013
The CoOx–C nanober networks and pure carbon nanober
networks were directly used as binder-free anodes for electro-
chemical measurements towards the storage of Li+. A Celgard
2400 microporous polypropylene membrane was used as a
separator. The electrolyte consisted of a solution of 1 M LiPF6 in
ethylene carbonate–dimethyl carbonate (1 : 1, in volume). Pure
lithium foils were used as the counter and reference electrodes.
These cells were assembled in an argon-lled glove-box with the
moisture and oxygen levels less than 1 ppm. The discharge and
charge measurements were carried out using an Arbin BT2000
system with the cut off potentials being 0 V for discharge and
3 V for charge. The specic capacities were calculated based on
the weight of the composites. The cyclic voltammetry results
were collected on the electrochemical workstation (CHI660B).
Aer the cyclic test, the coin cell was unassembled in the glove-
box, and the electrode was rinsed with dimethyl carbonate and
acetonitrile several times. Aer drying in a vacuum oven, it was
characterized by TEM.
Results and discussion

The morphology and diameters of PAN–cobalt acetate bers,
the stabilized nanobers, and the carbonized (650 �C) nanober
networks were characterized by SEM with an acceleration
voltage of 10 kV, and the results are shown in Fig. 1. It can be
found from Fig. 1a that the as-prepared PAN–cobalt acetate
bers are randomly oriented and their lengths are more than
ten micrometers. A high magnication in Fig. 1d reveals that
the surface of these bers is smooth and their diameters are
distributed in the range of 190–230 nm with an average diam-
eter of 215 nm. Aer stabilization in air at 225 �C (Fig. 1b), there
is no appreciable distinction between the stabilized nanobers
and the as-prepared ones. The amplied image of stabilized
bers in Fig. 1e shows that their diameters are about 190 nm
and they become less smooth compared with the raw bers. The
decrease of diameter could be attributed to the decomposition
of PAN and the shrinkage of the bers through partial sinter-
ing.33 The images of carbonized PAN–cobalt acetate in Fig. 1c
demonstrate that the ber morphology is conserved. According
to the enlarged image in Fig. 1f, the CoOx–C bers with
diameters of 175 nm are rough and embedded with some
nanoparticles. In comparative experiments, there was no cobalt
acetate in the precursor and pure PAN nanobers were fabri-
cated. Aer processing with the same procedure as for PAN–
cobalt acetate, PAN bers were carbonized and the SEM image
is shown in Fig. 1g. Those nanobers with diameters of about
165 nm are uniform and smooth. The EDS characterization of
carbonized PAN–cobalt acetate nanobers is presented in
Fig. 1h. Those results show the presence of C, O, Co and N in
them, which could be assigned to cobalt oxide, carbon and the
residual nitrogen from PAN.34 The digital photo of CoOx–C
nanober networks is displayed in Fig. 1i. The lm with a
diameter of 1.2 cm is integral without any crack, showing the
structural integrity of the networks and its potential application
in LIBs without any binders.

In order to further elucidate the bond state of the cobalt in
the CoOx–C nanobers, XPS analysis was carried out on a
Nanoscale, 2013, 5, 12342–12349 | 12343



Fig. 1 (a) and (d) display the SEM images of as prepared PAN–cobalt acetate fibers; (b) and (e) show the SEM images of the pre-oxidized PAN–cobalt acetate fibers; (c),
(f), and (h) present the SEM images and EDS spectra of CoOx–C nanofibers synthesized at 650 �C; (g) the SEM images of pure carbon obtained at 650 �C; and (i) the
digital photo of a binder-free anode based on CoOx–C nanofiber networks synthesized at 650 �C.
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Surface Science Instruments S-probe spectrometer. This
instrument has a monochromatized Al Ka X-ray and a low
energy electron ood gun for charge neutralization of non-
conducting samples. The XPS spectra of CoOx–C in Fig. 2a
exhibit four main peaks at 285.0, 398.6, 531.2 and 780.5 eV,
corresponding to the peaks of C 1s, N 1s, O 1s and Co 2p3/2.35�38

These results are highly consistent with those of EDS. The Co 2p
XPS spectra of CoOx–C in Fig. 2b exhibit two peaks at 780.5 and
796.4 eV associated with two satellite peaks. The 2p3/2 peak at
780.5 eV can be assigned to Co2+ coordinated to oxygen
anions.36 The satellite peak arising from the occurrence of a
ligand-to-metal charge transfer during the photoemission
process was used as a ngerprint for the recognition of high-
spin Co(II) species in CoOx–C.38 The peak patterns and relative
intensities of Co 2p3/2 matched well with XPS spectra for well-
identied CoO standards in the literature,35,36,38 demonstrating
that these samples were CoO–C composites rather than cobalt
and Co3O4. In Fig. 2c, the peaks at 531.2 and 532.6 eV indicated
the presence of oxygen-containing groups on the surface.37,39

The O 1s peak at about 530 eV which corresponds to oxygen
species in the spinel cobalt oxide phase (Co3O4) was not
found,40 demonstrating that the cobalt compound was CoO
12344 | Nanoscale, 2013, 5, 12342–12349
from another direction. The XPS patterns in Fig. 2d were
assigned to the N 1s, which was the residual group of PAN. The
N 1s peaks at 398.6 and 400.3 eV are assigned to pyridine-type
and conjugated nitrogen.41 Both of above nitrogen have positive
effects on the storage of Li+.42 The ne XPS spectra of C 1s are
shown in Fig. 2e. The C 1s spectra could be deconvoluted to ve
peaks, including peak I (285.0 eV), graphitized carbon; peak II
(286.5 eV), carbon in phenolic, alcohol, ether or C]O groups;
peak III (288.0 eV), carbon in carbonyl or quinine groups; peak
IV (289.2 eV), carbon in carboxyl or ester groups, and peak V
(290.4 eV), carbon in adsorbed CO and CO2. These results are
similar to those of a previous study about PAN-based carbon
nanobers that there are some oxygen-containing groups on the
surface of the nanobers.43

To evaluate the weight ratio of the CoO in CoO–C nanobers
obtained at 650 �C, TGA experiments were carried out at a
heating rate of 5 �C min�1 in air at a ow rate of 20 mL min�1,
the results of which are shown in Fig. 3a. The weight loss below
90 �C could be ascribed to the elimination of absorbed/trapped
water molecules. The second weight loss in the TG curve began
at about 260 �C and ended at about 370 �C. The shoulder in the
DTA curve at about 290 �C could be assigned to the oxidation of
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 (a) XPS spectrum of CoOx–C nanofiber networks obtained at 650 �C; (b–e)
the fine XPS spectra of Co 2p (b), O 1s (c), N 1s (d), and C 1s (e).

Fig. 3 (a) TG and DTA curves of CoO–C nanofibers in air and (b) the XRD patterns
of the final products in the TG test.

Fig. 4 (a) and (b) TEM images of CoO–C obtained at 650 �C; (c) a high resolution
TEM image of the composites. The d-spacing of the planes was 0.21 nm; and (d) a
schematic diagram showing the microstructure of CoO nanoparticles on CoO–C
nanofibers.
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Co2+.44 The sharp weight loss and the peak in the DTA curve at
about 330 �C could be attributed to the combustion of carbon.
The residue was 31.5% of the original mass. The residue of the
TGA test was characterized by XRD, as shown in Fig. 3b. It is
clear that the diffraction patterns and relative intensities of the
nal product match well with those of Co3O4, demonstrating
that CoO in CoO–C was oxidized to Co3O4 during the TGA
test.45�47 Based on this mechanism, the weight ratio of CoO in
the CoO–C composites was calculated to be 29.5%, and the
carbon in the composites was calculated to be 70.5% in weight.

To further investigate the nanoparticles in the CoO–C
composites, their TEM determinations were made, and the
images are shown in Fig. 4. The TEM image at a low magni-
cation in Fig. 4a displays that the CoO–C bers are about
200 nm in diameter and up to several micrometers in length.
The CoO nanoparticles are homogeneously distributed within
the ber. No aggregation was found. An amplied image in
This journal is ª The Royal Society of Chemistry 2013
Fig. 4b indicates that the CoO nanoparticles with diameters of
about 8 nm are irregular, showing a good compatibility with
carbon. The d-spacing of the planes in the high-resolution TEM
image (Fig. 4c) is 0.21 nm, which is very close to that of the (200)
plane for CoO (JCPDS 48-1719), further demonstrating that the
nanoparticles are CoO. According to the above result, the
microstructure of the CoO–C composites is schematically
shown in Fig. 4d. The diffraction ring patterns of the SAED (now
shown here) indicate the polycrystalline nature of CoO.

CV measurements were carried out over a voltage range of
0–3 V at a scan rate of 0.3 mV s�1 to understand the electro-
chemical process. The CoO–C composites prepared at 550, 600,
and 650 �C were marked as C550, C600 and C650, respectively.
The pure carbon bers synthesized at 650 �C were signed as
E650. In Fig. 5a and b, the cathodic peaks of C550 and C600 in
the rst cycle at about 1.3 V could be attributed to the electro-
chemical reduction reaction of CoO with Li.18,48 Other cathodic
peaks at about 0.5 and 0.7 V correspond to the formation of
solid electrolyte interface (SEI) lms,18 which is the reason for
the irreversible capacity loss. The broad anodic peak at about
1.1 V could be ascribed to the delithiation of carbon.49 This peak
shis to a low potential compared with that of pure carbon
bers (Fig. 5d), which may be attributed to the active effects of
cobalt on the carbon. Another anodic peak at about 2.2 V could
be assigned to the oxidization of Co to CoO. The CV curves
(Fig. 5c) of the sample C650 is different from those of samples
C550 and C600. In the rst cycle, two cathodic peaks were found
at about 0.8 and 0.5 V, which could be ascribed to the lithiation
of CoO and the formation of SEI lms.18 The peak potential for
the lithiation of CoO in C650 is lower than those of C550 and
C600, which may be attributed to the high reactivity of CoO and
Nanoscale, 2013, 5, 12342–12349 | 12345



Fig. 5 CV curves of the samples C550 (a), C600 (b), C650 (c) and E650 (d) at a
scan rate of 0.3 mV s�1.
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the improved conductance of carbon in C650. Two anodic peaks
also were observed at about 1.25 and 2.15 V, which were
ascribed to the delithiation of carbon and the re-oxidization of
Co.18 The intensity of the anodic peak at about 2.15 V became
stronger with the increasing number of cycles. This phenom-
enon is different from that of pure CoO,50 showing a positive
effect of carbon on the electrochemical properties of CoO. By
comparing the anodic curves at about 2.15 V, it can be found
that the peak became clearer along with the increase of treating
temperature. This evidence demonstrated that the activity of
CoO in the sample treated at 650 �C was higher than those of
samples obtained at a low temperature (550 and 600 �C). Most
of the SEI lms were formed in the 1st cycle, and nearly no new
ones formed in the following cycles. This is the reason why there
are signicant changes between 1st and 2nd cycles. The curves
in each image nearly overlap each other from the 2nd cycle,
indicating the good cyclic stability of carbon-based electrode
materials.

To investigate the effects of treatment temperature and the
carbon on the electrochemical properties of CoO–C composites,
ve kinds (C550, C600, C650, E600, and E650) of samples were
prepared. The pure carbon bers achieved at 600 �C were
labeled as E600. Fig. 6a shows the charge–discharge proles of
C650 in the 1st, 3rd, and 52nd cycles. In the 1st cycle, the C650
delivers a discharge capacity of 1112 mA h g�1 and a charge
capacity of 798 mA h g�1, corresponding to a Coulombic effi-
ciency of 71.7%. The relatively low Coulombic efficiency could
be attributed to the irreversible formation of SEI lms. The
discharge capacity decreases gradually from 711mA h g�1 in the
3rd cycle to 633 mA h g�1 in the 52nd cycle. During the 1st
discharge process, the plateau at about 1.1 V corresponds to the
reduction of CoO and the formation of Li2O. This plateau
becomes weak in the following cycles which are similar to
previous reports about CoO–C composites because of the
combinative electrochemical behavior of CoO and carbon.17,18

In the charge process, two plateaus at about 1.1 and 2.0 V could
be assigned to the delithiation of carbon and the oxidation of
Co to CoO. This result agrees well with the results of CVs.
12346 | Nanoscale, 2013, 5, 12342–12349
Fig. 6b compares the specic capacity and cyclic properties
of three samples (CoO–C) treated at different temperatures
650, 600, and 550 �C. The three samples show original
discharge capacities of about 1100 mA h g�1, proving their
similarity. Shape decrease is found in C650, C600, and C550.
However, the signicant difference among them is that the
discharge capacity of C650 aer 52 cycles is 633 mA h g�1,
much higher than those of both C600 and C550. In addition,
the theoretical capacity of the composites based on the
mixture of PAN-based carbon (70.5 wt%, 525 mA h g�1 in
theoretical capacity according to E650) and CoO (29.5 wt%,
715 mA h g�1 in theoretical capacity) could be evaluated to be
581 mA h g�1, as shown in Fig. 2b (the dash line). This value is
also higher than their theoretical capacities. To gure out
why the sample C650 could deliver better properties, more
comparative experiments were carried out, and the results are
shown in Fig. 6c. The discharge capacity of E650 is about
528 mA h g�1 in the 4th cycle and remains at 525 mA h g�1 in
the 52nd cycle. The discharge capacity of E600 is very close to
that of E650 in the range of 4th to 52nd cycles, indicating that
the effects of treating temperature on the electrochemical
property of pure carbon bers is very limited. The discharge
capacity of C650 is 633 mA h g�1, which is almost 1.2 times
that of E650. The improved electrochemical property could be
ascribed to the presence of CoO. Comparing the properties of
C650, C600, C550, E650, and E600, a possible mechanism is
proposed as follows. The carbon in a CoO–C composite arises
from the decomposition of PAN. The properties of CoO–C
composites are related to the treating temperature. The
higher temperature will result in the carbon with good
conductance, which is much higher than that of CoO.51,52

Therefore the better electrochemical properties of C650 could
be ascribed to the high quality of carbon to keep CoO with
high properties.33 On the other hand, the high temperature
maybe results in the bers connecting with each other very
well for the fast transfer of electrons. The fast electron
transport will be of benet for keeping the electrochemical
activity of CoO, resulting in a better property.

The rate capacity of CoO–C composites was compared with
that of pure carbon bers, and the results are shown in
Fig. 6d. The sample C650 keeps reversible capacities of 700,
605, 505, 420, and 280 mA h g�1 at current densities of 0.1, 0.2,
0.5, 1, and 2 A g�1, respectively. These values are higher than
those of C600, showing the positive effects of the relatively
high temperature on the electrochemical property of CoO–C
composites. In addition, the capacity of C650 could recover to
720 mA h g�1 when the charge–discharge current density was
brought back to 0.1 A g�1, indicating the better adaptability of
C650 composites. The sample C650 also showed enhanced
rate capacities compared with pure carbon bers (E650),
demonstrating that the CoO particles in CoO–C composites
were helpful in improving the Li+ storage capacity of carbon
ber networks. The impedance spectra were employed to
investigate the dynamic behavior, as shown in Fig. S1.† The Re

values (the resistance of the electrolyte) are almost identical
in the three samples, showing the consistency of the electro-
lyte. The lowest Rct in E650 demonstrates that its conductivity
This journal is ª The Royal Society of Chemistry 2013



Fig. 6 (a) Discharge–charge curves of the sample C650 at a current density of 100 mA g�1. (b) Cyclic properties of the samples C650, C600, and C550. (c) Specific
capacities and Coulombic efficiencies of the samples C650, E650, and E600. (d) Rate capacities of the samples C650, C600, and E650.

Fig. 7 A schematic representation showing that the CoO–C nanofiber networks
favor the Li+ storage.
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is lower than that of CoO. Because the theoretical capacity of
CoO is higher than that of carbon, the rate capacities of C650
are still higher than those of E650. The rate capacities of C650
also are higher than those of C600 because of the relatively
high conductivity of C650 arising from the enhanced
annealing temperature. According to above results, the
improvement could be explained as follows, shown in Fig. 7.
Firstly, the CoO nanoparticles were coated and connected by
carbon bers. The carbon-coating could prevent the pulveri-
zation of CoO nanoparticles and help to transport the elec-
trons to CoO.15 Secondly, the carbon bers could build up to a
conductive network to transfer the electrons at a high current
density.29,53 Thirdly, the binder-free anode of networks could
provide more facile access of the electrolyte for active mate-
rials, and are helpful for the diffusion of Li+.54

To investigate the reason why the CoO–C networks in
C650 deliver enhanced properties, they were observed by TEM
aer 52 cycles at a fully charged status, as shown in Fig. 8. It
can be seen that the CoO–C ber retains its original
morphology with a diameter of 200 nm. The nanoparticles are
clearly visible and homogeneously distributed on the ber
without any agglomeration, showing the structural integrity
of the CoO–C ber. In a high-resolution image (Fig. 8b),
This journal is ª The Royal Society of Chemistry 2013
the clear lattice fringes are visible. The d-spacing of the
planes is 0.246 nm, which can be indexed to the (111) plane
for CoO (JCPDS 48-1719). Therefore, above results demon-
strate that the Li+ insertion and extraction process could be
summarized via the conversion reaction of CoO (CoO + 2Li+ +
2e 4 Li2O + Co).
Nanoscale, 2013, 5, 12342–12349 | 12347



Fig. 8 TEM images at different magnification of the sample C650 after the cyclic
test. The d–d-spacing of the planes was evaluated to be 0.246 nm by computing
the average.

Nanoscale Paper
Conclusions

CoO–C nanobers with the homogeneous distribution of CoO
nanoparticles were synthesized via the electrospinning
approach and following thermal treatment. The CoO–C nano-
bers could build the network which could be used as binder-
free anodes for LIBs. The networks obtained at 650 �C could
deliver the discharge capacity as high as 633 mA h g�1 aer 52
cycles at a current density of 0.1 A g�1, which is higher than that
of the CoO–C networks obtained at 550 and 600 �C, and the pure
carbon network achieved at 600 and 650 �C. Besides, the rate
capacities of CoO–C networks (650 �C) also are higher than
those of CoO–C networks synthesized at 600 �C and pure carbon
12348 | Nanoscale, 2013, 5, 12342–12349
networks prepared at 650 �C. The improved properties could be
attributed to the enhanced structural stability of CoO nano-
particles in carbon nanobers, and improved conductance
arising from the carbon nanobers and the corresponding
networks. It is believed that the strategy presented in this study
will provide a new insight for the synthesis of electrodes for
both LIBs and supercapacitors.
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