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Flexible CoO—-graphene—carbon nanofiber mats as
binder-free anodes for lithium-ion batteries with
superior rate capacity and cyclic stabilityf
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Flexible mats composed of CoO—-graphene—carbon nanofibers have been prepared by electrospinning and
a subsequent thermal treatment. The flexible mats of CoO—-graphene—carbon annealed at 650 °C exhibited
discharge capacities of 760 and 690 mA h gt at the 252" and 352" cycle, respectively, at a current density
of 500 mA g%, which are much higher than those of pure carbon, graphene—-carbon, and CoO-carbon
nanofibers at the respective cycles. The CoO-graphene—carbon nanofibers can deliver a discharge
capacity of 400 mA h g™t at a current density of 2 A g~%, which is also higher than the values obtain for
CoO-carbon and graphene—carbon nanofibers. The improved electrochemical properties of the flexible
CoO-graphene—carbon nanofiber mats could be ascribed to the framework, which allows for fast
diffusion of Li*, the presence of graphene, which enhances the conductivity and the mechanical
properties of the mats, and the defective sites that arise from the introduced CoO and graphene which
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DOI: 10.1039/c4ta00311j can store Li*. It is believed that the electrospinning method used to combine the material with graphene

www.rsc.org/MaterialsA could be a useful approach to prepare flexible mats for lithium-ion batteries, supercapacitors, and fuel cells.

1 Introduction

Flexible devices are of great interest because of their potential
for low-cost production, and have been investigated by various
groups.™* Developing flexible energy-storage equipment to meet
the energy demands of flexible devices in of great significance.**
Lithium-ion batteries (LIBs) are promising candidates in this
area because of their intrinsic high energy density, relatively
high power density, and environmental friendliness.>” Accom-
modating frequent mechanical strain and still retaining high
quality energy supply for long-time use is a very important
aspect of flexible electrodes for LIBs. Currently, LIBs electrodes
are, in general, non-flexible and still suffer from insufficient rate
capacity, and inferior cyclic stability, especially for most
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anodes.®™ It is highly desirable to develop flexible electrodes
with excellent properties for LIBs.

Carbon materials, especially graphene and carbon nano-
fibers, have been demonstrated in flexible electrodes for energy
storage.""® Carbon nanofibers with significant space within
them have drawn greater attention because they are of more
benefit for the fast diffusion of Li" than flexible graphene
sheets.>*'**> However, their specific capacities are too low to
satisfy the energy demands of humans because of their low
theoretical capacity."* Modifying carbon materials with other
materials of high theoretical capacity or introducing defective
sites (or micropores) are both effective ways to improve their
properties.'®>* Recently, cobalt oxide compounds with different
morphologies have been studied in the field of LIBs by many
researchers owing to its relatively high specific capacity.®>*
Cobalt compound-carbon nanofibers composites also have
been a hot research topic in LIBs.'”*****” Unfortunately, carbon
nanofibers may become fragile after cobalt oxide has been
added in, resulting in brittle anodes.?®

Graphene, a new type of 2-D carbon material, possesses
excellent properties, including exceptional mechanical proper-
ties, high conductivity, and good stability. Many studies on
graphene-based composites have been published regarding
energy storage applications.*** For example, graphene can be
used to improve the mechanical properties of nanofibers made
by electrospinning.®**® Moreover, the graphene in these elec-
trospun nanofibers could be employed as a conductive additive,
enhancing the conductivity of the nanofibers and resulting in
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improved properties.***” Nevertheless, preparing graphene-
based nanofibers with excellent properties is not an easy task
because the dispersion of graphene is poor in the solvents used
for electrospinning.

In this study, flexible mats of CoO-graphene-carbon (CoO-
G-C) nanofibers were synthesized by electrospinning followed
by a careful thermal treatment. The graphene precursor was
processed using a special method to improve its dispersion in
the organic solvent used for electrospinning. Even though the
content of graphene and CoO in the nanofibers was very low, the
flexible mats exhibited a high specific capacity at a large current
density, and excellent cyclic stability when used as binder-free
anodes for LIBs. These research results demonstrated that there
were many aspects to the effects that graphene had on the
properties of the mats.

2 Experimental

2.1 Materials synthesis

Polyacrylonitrile (PAN, M,, = 150 000, Sigma-Aldrich Co., Ltd.,
USA), cobalt(n) acetate tetrahydrate (CoAc,, Alfa Aesar Co.,
Ltd., USA), and N,N-dimethylformamide (DMF, J. T. Baker Co.,
Ltd., USA) were used without any further purification. Graphene
oxide (GO) was prepared according to the previous literature.***
To enhance the dispersion of GO in DMF, the GO suspension
was centrifuged and cleaned with DMF for several times. GO
was then dispersed in DMF at a concentration of about 0.4 mg
mL~". After this, the suspension was processed with ultrasonic
waves for 30 min. To prepare the precursor solution for elec-
trospinning, PAN, CoAc,, and GO were dissolved in DMF,
forming a solution in concentrations of 6.5 wt%, 2.5 wt% and
0.066 mg mL ™', respectively. To prepare pure carbon fibers, a
precursor without CoAc, and GO was also prepared. A precursor
for nanofibers without graphene was prepared in a similar way
except without GO. All of the precursor solution was transferred
into a 3 mL springe with a stainless steel needle (with an inner
diameter of 0.6 mm). A syringe pump controlled the flow rate of
the precursor solution to about 0.3 mL h™'. A piece of
aluminum foil used as the collector was vertically positioned
about 15 cm away from the needle. The needle was connected to
a high voltage DC power supply to obtain a voltage of 13-17 kV.
Under these conditions, pure PAN, PAN-GO, PAN-CoAc, and
PAN-GO-CoAc, nanofibers were generated and formed mats.
After being pre-oxidized at 225 °C in air for 6 h, the resulting
brown films (PAN-GO-CoAc,) were treated at 550-650 °C in
nitrogen for 2 h in order to carbonize the PAN and/or decom-
pose CoAc,, and the product is denoted as CoO-G-C. The pure
PAN, PAN-GO, and PAN-CoAc, nanofibers were treated in a
similar way at 650 °C in order to obtain the corresponding
samples. The final pure carbon, graphene-carbon and CoO-
carbon (CoO-C) nanofibers are denoted as E650, F650, and
C650, respectively.

2.2 Material characterization

The microstructures of the samples were characterized using a
JEOL JSM-7000F scanning electron microscope (SEM), and a FEI
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Tecnai G2 F20 transmission electron microscope (TEM) oper-
ating at 200 kV accelerating voltage. The samples were also
analyzed using X-ray photoelectron spectroscopy (XPS, Surface
Science Instruments S-probe spectrometer). The binding
energy scales were calibrated by assigning the lowest binding
energy Cls peak (a binding energy of 285.0 eV). Elemental
analysis of the samples was achieved using energy dispersive
spectroscopy (EDS).

2.3 Electrochemical measurements

The mats (including the pure carbon, graphene-carbon, CoO-
C, and CoO-G-C nanofibers) were directly used as binder-free
anodes for electrochemical measurements aimed towards the
storage of Li'. A Celgard 2400 microporous polypropylene
membrane was used as a separator to assemble coin cells (CR
2016). The electrolyte used was a solution of 1 M LiPF¢ in
ethylene carbonate-dimethyl carbonate (1:1 by volume).
Pieces of pure lithium foil were used as both the counter and
reference electrodes. All of the cells were assembled in an
argon-filled glove-box with the moisture and the oxygen levels
less than 1 ppm. Discharge and charge measurements were
carried out using an Arbin BT2000 and a LAND battery testing
system with the cut off potentials being 0.01 V for discharge
and 3 V for charge. All of the specific capacities in this study
were calculated based on the weight of the mats. The cyclic
voltammetry results were collected on a electrochemical
workstation (CHI660B).

3 Results and discussion
3.1 Synthesis and characterization of CoO-G-C mats

Fig. 1a shows an SEM image of the as-prepared PAN-GO-CoAc,
nanofibers. The noodle-like nanofibers have a diameter of
about 220 nm and easily changed their position during the
measurement, showing their low stability under electron beam
bombardment and poor conductance. After treatment at 225 °C,
the diameter of the nanofibers, without any obvious formation
of nanoparticles, decreases to nearly 200 nm. Bright spots in the
SEM images shown in Fig. 1a and b are due to the accumulation
of charges and are an indication of the relatively poor conduc-
tance of the nanofibers. An SEM image of the CoO-G-C nano-
fibers is shown in Fig. 1c. The nanofibers, which have diameters
of approximately 165 nm, are composed of dispersed nano-
particles and graphene in a carbon nanofiber matrix. Although
the graphene is not directly observed in the SEM image, GO can
be reduced to graphene using a thermal treatment.** The
diameters of the CoO-G-C nanofibers decreased from 220 to
165 nm, which could be attributed to the decomposition of
PAN and CoAc,, as shown in Fig. S1.f As a comparison
experiment, no GO was added and the final samples (CoO-C)
are shown in Fig. 1d. The diameters of CoO-C nanofibers were
approximately 175 nm. Furthermore, the nanoparticles on
the CoO-C nanofibers were much less obvious than those on
the CoO-G-C nanofibers. The pure carbon nanofibers (Fig. 1e)
and graphene-carbon nanofibers (Fig. 1f) were similar to
each other. The smaller diameters of the graphene-carbon
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Fig.1 SEM images of the as-prepared (a), treated at 225 °C (b), and annealed at 650 °C CoO-G-C nanofibers (c). SEM images of the nanofibers
annealed at 650 °C: (d) CoO-C, (e) pure carbon, (f) graphene—carbon. Digital photos showing the flexibility of the CoO-G-C mats are displayed

in (g).

nanofibers could be ascribed to the polarity of GO. Digital
photos of the CoO-G-C mats are shown in Fig. 1g. A cross-
sectional view of the mats (top) indicates that they are highly
flexible. The photo taken from another angle (bottom) shows
that there are no cracks in the mats, further demonstrating the
flexibility of CoO-G-C.

TEM was used to characterize the micromorphology of the
samples. Fig. 2a shows a TEM image of the CoO-G-C nano-
fibers. The nanofibers are about 165 nm in diameter, and the
nanoparticles on the nanofibers are very small. Obviously, the

Fig. 2 (a—c) TEM images of CoO-G-C (A650) nanofibers at different
maghnifications. (d) A schematic diagram showing the inhomogeneous
distribution of CoO nanoparticles on the CoO-G-C nanofibers.
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distribution of nanoparticles is inhomogenous on the nano-
fibers in contrast to a previous report.”” This phenomenon may
be attributed to the oxygen-containing groups on GO affecting
the nucleation and growth of the CoO nanoparticles. An
magnified image is shown in Fig. 2b. The surface of the nano-
fibers is rough with an enlarged surface area and high porosity.
Moreover, the nanoparticles are homogenously distributed in
this magnified area. This special phenomenon could be attrib-
uted to graphene (although no graphene was observed) because
of the effects that graphene has on the morphology of nano-
materials.** A high-resolution TEM image is shown in Fig. 2c.
The nanoparticles are as small as approximately 5 nm. The d-
spacing of the planes is 0.246 nm, which is very close to that of
(111) plane for CoO (JCPDS 48-1719), implying that the nano-
particles are CoO. No graphene sheets are observed by TEM. A
possible reason for this is that as the graphene sheets are in a
low ratio in the composite they are covered up by carbon arising
from PAN. Similar results can be found in the literature con-
cerning graphene-carbon composites.***> The microstructure
of the CoO-G-C nanofibers is proposed based on the above
result and shown schematically in Fig. 2d. The graphene could
control the nucleation and growth of the CoO nanoparticles.
The inhomogeneous distribution of graphene on the nanofibers
results in the non-uniform dispersion of very small CoO nano-
particles, which is different to the CoO-C fibers without
graphene."”

XPS analysis was carried out on a Surface Science Instru-
ments S-probe spectrometer in order to elucidate the bond state
of the CoO-G-C samples prepared at 650 °C (marked as A650).
Before measurement, this instrument was equipped with
monochromatized Al K,, X-ray source and a low energy electron
flood gun for charge neutralization of the non-conducting
samples. The XPS spectrum of A650 shown in Fig. 3a exhibits
four main peaks at about 285.0, 398.6, 531.5 and 780.4 eV,
corresponding to the peaks of C 1s, N 1s, O 1s and Co 2p,
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Fig. 3 (a) XPS spectra of the CoO-G-C nanofiber mats (A650)

obtained at 650 °C. (b) The fine XPS spectrum of Co 2p indicates that
the cobalt ions are Co®*.

respectively.**™*® These results are highly consistent with those
of EDS (as shown in Fig. S27), in that there are four elements in
each. The fine XPS spectrum of Co 2p in Fig. 3b exhibits two
peaks at 780.4 and 796.2 eV associated with two satellite peaks,
which are similar to those seen in previous reports about
C00.** The 2p5,, peak at about 780.4 eV can be indexed to Co>*
coordinated to oxygen anions.** The satellite peak arising from
the occurrence of a ligand-to-metal charge transfer during the
photoemission process was used as a fingerprint for the
recognition of high-spin Co(u) species in A650.% The above peak
patterns and relative intensities of Co 2p matched well with the
XPS spectra of well-characterized CoO standards in the litera-
ture, further demonstrating that these particles were CoO.****¢
In Fig. S3a,f the peaks at 531.5 and 533.4 eV indicate the
presence of oxygen-containing groups on the surface.*>*” From
another perspective, the O 1s peak at about 530 eV, which
corresponds to oxygen species in the spinel cobalt oxide phase
(Co304) is not observed, showing that the nanoparticles are
Co0.* The fine XPS spectrum of N 1s is shown in Fig. S3b.T This
shows the residual groups of PAN according to the raw mate-
rials. The N 1s peaks at 398.6 and 400.3 eV can be assigned to
pyridine-type and conjugated nitrogen.” Both of the above
nitrogen types have positive effects on the storage of Li,
especially pyridine-type nitrogen.*>** The fine XPS spectrum of
C 1s is shown in Fig. S3c.f The C 1s spectrum could
be deconvoluted into five peaks, including peaks at 285
(graphitized carbon), 286.5 (carbon in phenolic and alcohol
groups), 288 (carbon in carbonyl or quinine groups), 289.2
(carbon in carboxyl or ester groups), and 290.4 eV (carbon in
adsorbed CO and CO,). Similar results have been reported in a
previous study concerning PAN-based carbon nanofibers,*
indicating that there are some oxygen-containing groups in
the nanofibers.

3.2 Electrochemical properties of CoO-G-C mats

CV measurements were carried out over a voltage range of 0-3
V to investigate the electrochemical mechanism, and the
results are shown in Fig. 4. In Fig. 4a, the cathodic peak in
the first cycle of E650 at about 0.4 V could be attributed to the
irreversible formation of a solid electrolyte interface (SEI) film.
There are two anodic peaks at about 0.2 (not obvious in the
first cycle) and 1.3 V, which could be indexed to lithium
extraction from graphite-like carbon and delithiation of the

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 CV curves of the pure carbon (E650, a), graphene—carbon

(F650, b), CoO-C (C650, c), and CoO-G-C (A650, d) nanofiber

samples at a scan rate of 0.3 mV s %,

defective sites on the carbon nanofibers, respectively.”"**>*
The CV curve of the second cycle nearly overlaps with the curve
for the fourth cycle, showing the good cyclic stability of E650.
The CV curves of F650 in Fig. 4b are similar to those of E650,
showing that graphene has little effect on the electrochemical
reactions of carbon. The CV curves of the C650 and A650
nanofibers are shown in Fig. 4c and d. During the first cycle,
the cathodic peaks at about 1.35 V can be attributed to the
electrochemical reduction of CoO with Li.**** The peaks in the
range of 0.5-0.9 V could be ascribed to the formation of SEI
films.>* The CV curves of both A650 and C650 show three
anodic peaks at about 0.2, 1.25, and 2.1 V, which could be
indexed to the delithiation of carbon, the extraction of Li from
the defective sites, and the reformation of CoO, respec-
tively.>**** The difference in the CV results between A650 and
C650 is that the delithiation peak of CoO in C650 is more
obvious than that of A650, which may be attributed to the
smaller particle size of CoO in C650 (Fig. S4t). The anodic
peaks (at about 1.25 V) of carbon in A650 and C650 are shifted
to low potentials compared with pure carbon (E650), which
could be attributed to the active effects of CoO on the carbon.*®
Furthermore, the anodic peaks for the delithiation of the
defective sites at about 1.25 V for both A650 and C650 are
stronger and broader than those of E650 and F650, indicating
that more defective sites are introduced into the nanofibers
due to the presence of CoO.*® The almost overlapped CV curves
of A650 and C650 in the 2™ and 4™ cycles show good cyclic
stability during the following cycles, demonstrating that gra-
phene-carbon nanofibers are desirable frameworks for the
anodes of LIBs. The difference between A650 and C650 is that
the cathodic peak for the lithiation/delithiation of CoO in A650
is shifted to a lower potential and its anodic peak is shifted to a
higher potential compared to the related peaks for CoO in
C650, showing the larger particle size of CoO in A650, which is
consistent with the TEM results (as shown in Fig. S41).°° A
previous study also demonstrated that graphene oxide could
affect the morphology and size of the nanoparticles.*
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Therefore, the larger CoO nanoparticle size in A650 may be
ascribed to the presence of graphene oxide in the precursor.
Fig. 5a shows a comparison of the discharge capacities of the
samples (A650, C650, E650, and F650) as a function of the cycle
number at different current densities. All of them show rela-
tively good cyclic stability during the cycles. However, their
discharge capacities at a current density of 0.1 A g~ ' decrease
from 1030 mA h ¢~ (A650) to 520 mA h g~ (E650). When the
current density increases to 0.5 A g ', the corresponding
discharge capacities decrease from 760 mA h g~* (A650) to 395
mA h g~ (C650) at the 252" cycle. In addition, A650 could
deliver a discharge capacity of 690 mA h g~ * at the 352" cycle,
showing superior cyclic stability and a high capacity. According
to the TGA results (Fig. S51), the mass ratio of CoO in both C650
and A650 is about 29.5%, showing less effects of graphene on
the mass ratio of CoO in the nanofibers. A more interesting
phenomenon is that the discharge capacity of A650 is much
higher than both C650 and F650, demonstrating that the
synergy between the three components (carbon, graphene, and
CoO) is a critical factor in improving the electrochemical
properties of the nanofiber mats. The discharge capacity of
A650 is also higher than the theoretical specific capacity of

Paper

CoO-G-C, which is calculated to be 533 mA h g™ based on 29.5
wt% CoO and 70.5 wt% carbon (457 mA h g™, according to
F650 after 252 cycles), which is more evidence of the synergistic
effects in CoO-G-C. Comparing C650 with F650, it is clear that
the discharge capacity of C650 is higher than that of F650 at a
current density of 0.1 A g, and it is inverted at a current of
0.5 A g '. This phenomenon demonstrates that CoO plays a key
role in the improvement of the capacity, while the graphene has
more influence on the enhancement of the rate capacity. Based
on the results from the CV curves, the superior properties of
A650 could be ascribed to the improved defective sites in A650.
Comparing the properties of A650 with previous reports on
Co0O,~C fibers arising from P, it could be observed
that the CoO-G-C mats (A650) demonstrated a relatively
high specific capacity and superior cyclic stability, as shown in
Table 1. Moreover, their properties are also better than some
CoO,-graphene and CoO,-C composites with respect to the
storage of Li" (as shown in Table S1t),2%>56-2 further indicating
the advantages of using CoO-G-C mats as binder-free anodes
for LIBs.

The effect of the annealing temperature on the properties of
CoO-G-C was also investigated, and the results are shown in

17,19,26,27
)

QD

)

S

S
1

800

Discharge Capacity (mA h/g)

1500 4

1000 o sz

Discharge Capacity (mA h/g)

900 4

600

Discharge Capacity (mA h/g)

300 4
o1 01~ 10.2A/g | 0.5A/g 1 1A/)g | 2A/g | 0.1A/g
0 6 12 18 2 30 36
Number (n)

Fig. 5

400 500
. 0.1A/g! 0.5A/g 0 0.1A/g ! 0.5A/g
0 80 160 240 320 0 $0 160 240 320
Number (n) Number (n)
C- 1 i ' - | —=—n650 |- d
—e—C650

( /
e e

)
e

(@) The cycling properties of the A650 (CoO-G-C), C650 (CoO-C), E650 (pure carbon), and F650 (graphene—carbon) samples. (b)

Discharge capacity vs. cycle number curves of the A650, A600, and A550 samples. (c) The rate capacity of the A650, C650, and F650 samples. (d)
A schematic diagram showing that the A650 nanofiber flexible mats are beneficial for the storage of Li*.
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Table 1 The specific capacities and cycling properties of the CoO,—
carbon composites as anodes for LIBs

Capacity (mA h g~ ")/current density (A g~ ")

Materials 50 100" Others Ref.
Co-C fibers® 804/0.1 24
C0;0,—C fibers® 534/0.1 20™ 26
CoO-C fibers®  633/0.1 52™ 27
CoO-C fibers” 853/0.14 17
C050,-CNT 530/0.09 25
CoO-graphene 640/0.1 150" 56
CoO-C 725/0.2 57
CoO-C 700/0.1 70" 58
Co304-graphene 732/0.15 59
CoO-graphene  1592/0.05 60
CoO-graphene  935/0.05 45
Co3;04-graphene 1005/0.074 61
C0;0,~CMK3 709/0.1 20" 62
C00-G-C mats® 800/0.5 690/0.5 352°¢ This
study

“ PAN-based fibers.

Fig. 5b. Although a high temperature (>700 °C) results in the
carbon fibers with high conductance,® the CoO-G-C nanofibers
are obtained at 550, 600, and 650 °C to avoid conversion of CoO
to Co and the reduction of nitrogen. The samples are denoted as
A550, A600, and A650, respectively. It can be observed from
Fig. 5b that the capacities of A600 and A650 are much higher
than that of A550, especially at a low current density. The
inferior properties of A550 could be attributed the low degree of
carbonization and poor conductance of the nanofibers. The
properties of A650 are just a little better than those of A600,
showing that the best annealing temperature for CoO-G-C is in
the range of 600 to 650 °C. This result agrees with a recent study
on PAN-based carbon for LIBs.** According to SEM images
(Fig. S67), the porosity of CoO-G-C improves from A550 to A650.
Therefore, to achieve the best electrochemical properties of
Co0O-G-C, an optimal temperature is need that balances the
porosity and the conductance of the nanofibers. To study the
advanced property of the flexible CoO-G-C mats as anodes for
LIBs, the rate capacity was evaluated, as shown in Fig. 5¢. CoO-
G-C (A650) maintains reversible capacities of 770, 680, 570, 490,
and 400 mA h g™ " at current densities of 0.1, 0.2, 0.5, 1, and 2 A
g !, respectively. These values are higher than those of CoO-C
(C650) at the corresponding current densities. This improve-
ment could be attributed to the enhanced conductance arising
from graphene. The properties of CoO-G-C are also better than
those of pure carbon (E650), showing the positive effects that
the CoO nanoparticles have on the electrochemical properties
of the nanofibers.

The above results have demonstrated that the flexible CoO-
G-C mats showed improved properties with respect to the
storage of Li'. This improvement could be attributed to
following reasons, based on their microstructure, as shown in
Fig. 5d. Firstly, the CoO-G-C nanofiber mats with large pores
are beneficial for the diffusion of Li*.®* Secondly, the mats of
carbon fibers have a high conductance for the transfer of

This journal is © The Royal Society of Chemistry 2014
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electrons, and decrease the polarization at a large current
density. Thirdly, the graphene has good conductivity and could
improve the conductance of the nanofibers.*” Fourthly, the
graphene can control the particle size of CoO and maintain the
structural stability of the CoO nanoparticles.** Fifthly, the gra-
phene has superior mechanical properties that could enhance
the mechanical strength of the nanofibers and protect them
from fracturing.®® Sixthly, the flexible mats can accommodate
large deformations without rupture. Seventhly, the flexible
mats, when used as binder-free anodes for LIBs, could reduce
the internal resistance of the battery and provide a high output
voltage. Finally, CoO and graphene could introduce more
defective sites into the carbon nanofiber mats, resulting in an
improvement of the capacity for Li" storage.

4 Conclusions

Flexible mats of CoO-G-C nanofibers have been synthesized by
electrospinning and a following thermal treatment. The results
demonstrated that graphene could control the particle size of
CoO during the synthesis procedure. When used as binder-free
anodes for LIBs, the flexible mats made of CoO-G-C nanofibers
showed improved cyclic stability along with a high specific
capacity (690 mA h g~" after 352 cycles at a current density of
500 mA g~ ') and an enhanced rate capacity (400 mAh g "' ata
current density of 2 A g~ ') compared with CoO-C, graphene-
carbon, and pure carbon nanofiber mats. The improvement
could be attributed to the framework of the mats, which allow
the fast diffusion of Li*, and the graphene, which has good
mechanical properties and superior conductance that not only
controls the particle size of CoO, but also improves the
mechanical strength and conductivity of the flexible mats. In
addition, the defective sites arising from the introduction of
CoO and graphene can improve the storage of Li'.
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