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Abstract
Transition metal oxides (TMOs) as anode materials have potential for lithium-ion batteries
(LIBs). However, the poor rate capacity and cycle stability restrict its application. Herein, we
demonstrate a facile one-step hydrothermal method to construct a three-dimensional porous
conductive network structure, which consists of thin-layered graphene, ultrafine Co3O4–CoO
nanoparticles and nitrogen-doped carbon. This unique structure can effectively prevent particle
agglomeration and cracking caused by volume expansion, provide fast passage for lithium ion/
electron transport during cycling and improve the electrical conductivity of the electrode.
Moreover, the electrochemical kinetic analysis proves that this is a process dominated by
pseudocapacitive behavior. Consequently, the N-C@Co3O4–CoO@GO hybrid electrode
delivers an ultrahigh capacity of 1 273.1 mA h g−1 at 0.1 A g−1 and superior rate performance
(725.1 mA h g−1 at 5 A g−1). Additionally, it exhibits a high reversible cycling capacity of
787.4 mA h g−1 at 1 A g−1 over 600 cycles and even maintains excellent cycling stability for a
ultra-long cycles at 5 A g−1. This work provides a feasible strategy for fabricating the
N-C@Co3O4–CoO@GO composite as a promising high-performance TMOs anode for LIBs.

Supplementary material for this article is available online

Keywords: transition metal oxides, three-dimensional porous structure, N-doped carbon,
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1. Introduction

In recent years, the increasing demand for energy has resulted
in a sharp increase in the use of fossil fuels, which has led to
the deterioration of the global environment and the emergence
of extreme weather. It is particularly eager to develop sus-
tainable and renewable energy sources. Hence, lithium-ion
batteries (LIBs) have attracted great attention as green power
energy source, which have been widely used in portable

electronic devices, energy vehicles and smart energy grids
[1–3]. However, the most commonly used graphene anode
material for LIBs has a relatively low theoretical specific
capacity (only 372 mAh g−1) and is difficult to satisfy the
growing demand for energy storage devices [4]. Therefore, it
is imperative to explore alternative anode materials with high
specific capacity. Due to the high theoretical capacity, low
cost, and abundant natural reserves, transition metal oxides
(TMOs) have attracted much attention as the anode materials
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for LIBs [5–12]. Among the promising TMO materials,
Co3O4 has received great attention because of its high
theoretical capacity (890 mA h g−1). Moreover, the cobalt
oxide-based materials have great potential applications in the
full cell, which exhibits certain advantages compared with
traditional graphene [13, 14]. Nonetheless, the intrinsic
defects of TMOs, such as poor electrical conductivity and
volume expansion during lithiation/delithiation process, lead
to severe capacity degradation, poor rate performance and
inferior cycle stability [15, 16]. Therefore, it is a great chal-
lenge to solve the above problem of TMOs for LIBs.

Great efforts have been made to alleviate the inherent
defects. One effective method involves the synthesis of
nanostructures such as nanocubes [17], nanosheets [18–20],
nanoparticles [21, 22], nanowires [23, 24], nanospheres [25]
and so on. The nano-sized materials provide more active sites
for electrochemical reactions, shorten the Li+ diffusion length
and accommodate the volume changes during the insertion/
extraction processes. What is more, the construction of por-
ous/hollow structures can accelerate the transport of lithium
ions and improve the electrochemical performance of the
anode materials [26, 27]. Combining the transition metal
oxide with carbonaceous material (e.g. carbon nanofiber [28],
carbon nanotubes [29], graphene [30] and conducting poly-
mers [31]) is the other feasible strategy. Graphene is an
excellent carbon-based material that has attracted much
attention due to its high electrical conductivity and superior
flexibility. It not only enhances electron transport and ion
diffusion but also moderates volume expansion, improving
structural stability. In addition, nitrogen-doped carbon is an
extremely attractive approach to improve electrical perfor-
mance [32–34]. It was previously reported that the doping of
nitrogen atoms can produce extrinsic defects, which lead to
enhanced carbon reactivity and conductivity. Moreover,
nitrogen doping can provide more active sites for lithium ion
reactions and enhance carbon-lithium interactions, which
significantly improve Li+ reaction kinetics. Another acces-
sible approach is to combine two different metal oxides for
improving the rate and cycle performance with the aid of the
synergetic effect between them. For example, the hybrids
of Co/CoO nanoparticles [35], Co3O4/Fe2O3 composite
[36], Co3O4/TiO2 hybrids [37], SnO2/Co3O4 [38] and
Co3O4/ZnO hybrids [39] exhibit higher reversible capacity
compared to the single component. However, there is rarely
the application of the Co3O4/CoO compound as an anode
electrode material for LIBs until now.

Herein, we introduce a simple one-step hydrothermal
method to fabricate a three-dimension network structured
N-C@Co3O4–CoO@GO hybrid. Owing to the distinctive
architecture, the as-synthesized N-C@Co3O4–CoO@GO
anode exhibits the following superior properties: (1) Porous
structure of Co3O4–CoO nanoparticles facilitate the penetra-
tion of electrolytes and enhances the diffusion of lithium ions.
(2) The Co3O4–CoO nanoparticles are homogeneously
anchored between thin-layered graphene oxide, which relieve
the volume expansion of the material during the cycling
process. Besides, the flexible graphene not only improves
electrical conductivity but also maintains structural stability.

(3) The addition of N-doped carbon source supply more
active sites to further enhance conductive properties and
reaction kinetics for the electrode. As a consequence, the
N-C@Co3O4–CoO@GO composite reveals highly superior
electrochemical performance under the stimulation of above
virtues, suggesting that the N-C@Co3O4–CoO@GO elec-
trode could be a promising candidate for next-generation LIB
anodes.

2. Experimental section

2.1. Material preparation

Generally, graphene oxide (GO) was synthesized by a mod-
ified Hummers’ method from natural graphite nanoflakes
[40]. In a typical way, 100 mg graphite powder were dis-
solved in 20 ml deionized water (DI), stirred for 24 h at room
temperature and then ultra-sonicated for 1 h. Next, 1.6 g
Co(CH3COO)2·4H2O and 0.7 g NaOH were dissolved into
50 ml ethanol and stirred to form a homogeneous solution,
followed by the addition of 0.5 g polyvinyl pyrrolidone
(PVP). After that, the GO suspension was added gradually
into the above mixture under continuous magnetic stirring.
Finally, the mixed solution was transferred into a 100 ml
Teflon-lined stainless autoclave, which was heated at 180 °C
for 12 h. When the autoclave was cooled naturally to room
temperature, the obtained precipitate was washed with DI
water and ethanol and dried at 80 °C for 24 h. To obtain
N-C@Co3O4–CoO@GO, the dried powder was heated at
350 °C for 3 h under an argon atmosphere. For comparison,
Co3O4–CoO@GO and Co3O4–CoO were synthesized by a
similar method without PVP or GO. We also performed
annealing treatment at 250 and 450 °C to obtain the pure
Co3O4 and CoO, respectively.

2.2. Materials characterization

The crystal structures of all samples were identified by
x-ray diffraction (XRD, Bruker D8 diffractometer) analyses
with Cu-Ka radiation (λ=1.541 8Å) at a scanning speed of
5° min−1 from 10° to 80°. X-ray photoelectron spectroscopy
(XPS, RBD upgraded PHI-5000C ESCA system) was mea-
sured with Mg-Kα radiation (hν=1 253.6 eV). Raman spec-
tra were obtained by a micro-Raman spectrometer (Jobin-Yvon
LabRAM HR 800UV) with an excitation laser beam wave-
length of 532 nm. The morphological features of samples were
characterized by using scanning electron microscopy (SEM,
JEOL-JSM-6700F) equipped with x-ray energy dispersive
spectroscopy (EDS). Transmission electron microscopy (TEM,
FEI Tecnai G20 TEM) and high-resolution TEM (HRTEM)
were operated at a voltage of 200 kV. The Brunauer–Emmett–
Teller (BET) surface areas and density functional theory (DFT)
pore diameter distributions were investigated using a TriStar II
3020 instrument. Thermogravimetric analysis (TGA) was
carried out with thermal analysis (TA) instruments.
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2.3. Electrochemical measurement

The working electrodes were fabricated by coating copper foil
with a slurry composed of active material, acetylene black (as
a conducting agent) and polyvinylidene fluoride (as a binder)
at a weight ratio of 7:2:1 in an n-methyl-2-pyrrolidinone
(NMP) solvent, followed by drying in a vacuum oven at
60 °C overnight. The loading mass of active materials on each
working electrode with a diameter of 14 mm was about
0.8 mg cm−2. For electrochemical measurement, the CR2025-
type half-cells were assembled in a glove box under an argon-
filled atmosphere. Lithium foil and a Celgard 2400 membrane
were used as a counter electrode and separator, respectively.
1.0 M LiPF6 solution dissolved in a mixture of ethylene
carbonate, diethyl carbonate and ethyl methyl carbonate with
a volume ratio of 1:1:1 was used as the electrolyte. Galva-
nostatic charge/discharge tests of the as-prepared batteries
were conducted on a LAND CT 3001A system in a voltage
range of 0.01–3.0 V (versus Li/Li+). The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
were fulfilled on a CHI660 electrochemical workstation. The
CV tests were performed at a sweep rate of 0.1–10 mV s−1

within a potential range of 0.01–3 V. The EIS measurements
were conducted by employing an alternating current (AC)
voltage of 5 mV amplitude in a frequency range of 100 kHz-
0.01 Hz.

3. Results and discussion

3.1. Structure and composition analysis

To investigate the effect of annealing temperature on the
purity and crystalline phase, the samples were annealed at
different temperatures. In figure S1, available online at stacks.
iop.org/NANO/30/425404/mmedia, pure CoO (JCPDS#
71-1178) and Co3O4 (JCPDS# 43-1003) were formed at 250
and 450 °C, respectively. Then we obtained the mixed phase
at intermediate temperatures. The XRD patterns of as-pre-
pared N-C@Co3O4–CoO@GO composites and the compar-
isons are shown in figure 1(a). Obviously, the diffraction
peaks with the 2θ values located at 19°, 31.2°, 36.8°, 38.5°,
44.8°, 55.6°, 59.3° and 65.2° can be indexed to the (111),
(220), (311), (222), (400), (422), (511) and (440) crystal
faces, which were in good agreement with the standard phase
of Co3O4 (JCPDS# 43-1003) [41]. Besides, the peaks at 2θ
angles of around 36.4°, 42.3°, 61.4°, 73.6° and 77.5° are
consistent with the (111), (200), (220), (311) and (222) planes
of CoO (JCPDS# 71-1178), respectively [42]. Moreover, it
can be seen that there are no miscellaneous peaks in the XRD
patterns, revealing the high purity and good crystallinity of the
composite. In the Raman spectra of N-C@Co3O4–CoO@GO
(figure 1(b)), three obvious peaks can be observed at ∼192,
475 and 679 cm−1 corresponding to vibration mode of Co3O4

and CoO, respectively [35, 43]. Besides, the spectra exhibits

Figure 1. (a) XRD patterns of the as-synthesized N-C@Co3O4–CoO@GO, Co3O4–CoO@GO and Co3O4–CoO composites. (b) Raman spectra
and (c) survey XPS spectrum of N-C@Co3O4–CoO@GO composite. High-resolution XPS spectrum of (d) C 1s , (d) O 1s and (f) Co 2p,
respectively.
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two characteristic peaks at ∼1331 cm−1 (the D band-due to
defective and disordered carbon) and 1596 cm−1 (the G band-
due to sp2 hybridized and ordered graphitic carbon). The
intensity of ratio for the D band to G band (ID/IG) is 1.41,
which implies that the composite is a defective and disordered
structure [44]. The XPS analysis is used to confirm the com-
position and chemical valence state of elements. Figure 1(c)
shows the XPS spectrum of N-C@Co3O4–CoO@GO. We can
observe four signal peaks at ∼285, 399, 531, and 780–803 eV,
accurately corresponding to the C 1s, N 1s, O 1s and Co 2p,
respectively. It indicates the existence of above elements in the
composites. The high-resolution spectra of Co 2p (figure 1(f))
contains two spin-orbit peaks Co 2p3/2 (located at 780.5 eV)
and Co 2p1/2 (located at 796.6 eV), which indicates Co3+ and
Co2+ coexisting in N-C@Co3O4–CoO@GO. Additionally,
two shake-up satellite peaks at 786.1 eV and 802.6 eV,
demonstrate the presence of a Co2+ state in the complex
[45, 46]. The XPS peaks appear in O 1s spectrum (figure 1(e)),
where the peak of 530.1 eV is related to Co–O band and the
peak of 531.4 eV corresponds to defect of oxygen vacancy and
surface adsorption of oxygen species [47]. The high resolution

C 1s spectrum (figure 1(d)) can be divided into three peaks,
located at 284.6 eV (C–C), 286.2 eV (C–O/C–N), 288.6 eV
(C=O) [33, 35]. The XPS spectra of N 1s contains three main
peaks around 398.7, 399.9 and 400.6 eV, corresponding to
pyridinic, pyrrolic and graphitic N, respectively (figure S2)
[28, 33]. Notably, nitrogen doping can be beneficial in helping
to improve the conductivity of carbon-based materials and
electrical properties of composites.

3.2. Surface morphologies

In order to explore the morphology and microstructure of the
synthesized materials, we performed SEM and TEM char-
acterization of N-C@Co3O4–CoO@GO, Co3O4–CoO@GO
and Co3O4–CoO. From the SEM images (figures 2(a), (b)),
we can observe that the graphene flakes interweave with each
other, self-assembling to form a three-dimensional frame-
work. Such architecture not only provides numerous sites for
the nucleation growing of nanoparticles but also prevents
nanoparticle agglomeration. On the surface of the graphene
flakes, the nanoparticles of Co3O4 and CoO are uniformly

Figure 2. (a) SEM and (b) high-magnification SEM images of N-C@Co3O4–CoO@GO. (d) TEM and (e) HRTEM images of N-C@Co3O4–

CoO@GO. (g) HRTEM image of N-C@Co3O4–CoO@GO. (h) Element mapping of N-C@Co3O4–CoO@GO composite for Co, C, O, N.
(C) pore size distribution curve and (f) N2 adsorption/desorption isotherms of N-C@Co3O4–CoO@GO. (i) TGA curves of N-C@Co3O4–

CoO@GO and Co3O4–CoO@GO composites.
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dispersed. What is more, these dispersed nanoparticles can
effectively prevent graphene sheet agglomeration. Besides,
these small particles can also contribute to the insertion and
extraction of lithium ions during the electrochemical reaction.
The morphology of Co3O4–CoO@GO and Co3O4–CoO are
shown in figure S3. The SEM image of Co3O4–CoO@GO is
similar to that of N-C@Co3O4–CoO@GO. It suggests that the
introduction of N-doped carbon cannot destroy the structural
integrity but enhance the electrical conductivity. Evidently, the
nanoparticles of Co3O4–CoO are agglomerated together, indi-
cating the important role of the graphene sheets and N-doped
carbon in the structure and properties of the composites.
Moreover, the TEM images of N-C@Co3O4–CoO@GO
(figures 2(d), (e)) reveal a three-dimensional integrated inter-
connected network. It is clear that the graphene sheets are very
transparent, indicating that they are single or few layers. Gra-
phene sheets are connected with each other and compose a
stable structure. Compared with Co3O4–CoO (figures S4(c),
(d)), the TEM images of N-C@Co3O4–CoO@GO and
Co3O4–CoO@GO (figures S4(a), (b)) further confirm that the
nanoparticles are homogeneously distributed on the graphene
substrate, consistent with the result of the SEM images. Such a
structure would be favorable for the effective penetration of
electrolytes and rapid diffusion of lithium ions. At the same
time, this multidimensional structure is equivalent to an elec-
tronic transmission highway. Furthermore, it can effectively
relieve the stress effects caused by volume expansion. The
HRTEM image (figure 2(g)) exhibits distinct lattice fringes
with a spacing distance of 2.431 and 2.854 nm, corresponding
to the (311) and (220) crystal planes of Co3O4. Meanwhile, the
lattice spacing of 2.136 and 2.466 nm can be indexed to the
(200) and (111) crystal planes of CoO. This HRTEM image
confirms that the as-prepared compounds consist of the Co3O4

and CoO phases, which is consistent with the XRD results. The
selected area electron diffraction (SAED) pattern in the inset of
figure 2(g) shows a series of concentric rings, suggesting the
polycrystalline nature of the products. The spatial distribution of
different elements in the N-C@Co3O4–CoO@GO composite
was investigated by elemental mapping analysis. In figure 2(h),
the mapping images show a uniform element distribution of Co,
O, C and N elements, matching well with the analysis of XPS.
For further analysis of the surface structure and porosity of
the material, we performed Barret–Joyner–Halenda (BJH) pore
size distribution and BET measurements. From figure 2(c),
We can conclude that the pore size of the sample is mostly
around 3.67 nm, implying the mesoporous properties of the
N-C@Co3O4–CoO@GO nanocomposite. In addition, the high
specific surface area is about 76 m2 g−1, which facilitates the
electrolyte penetration to realize more sufficient contact between
the active material and electrolyte (figure 2(f)). Moreover, it
realizes faster electrons transfer to improve electrochemical per-
formance. To further analyze the carbon content of the materials,
we performed TGA analysis. As shown in figure 2(i), there is a
distinguishable weight loss existing at about 400 °C, which is
ascribed to the combustion of carbonaceous materials and the
conversion into gaseous substances. Specifically, the loss of
carbon content of the N-C@Co3O4–CoO@GO (25%) and
Co3O4–CoO@GO (10%) can further show the successful

incorporation of the nitrogen-containing carbon component.
Particularly, a slight weight increasing phenomenon appears at
∼250 °C, which may be due to oxidation of CoO which com-
pletely transformed into Co3O4. We also performed XRD char-
acterization of NC@Co3O4–CoO@GO and Co3O4–CoO@GO
after 500 °C annealing in air atmosphere. In figure S5, all the
XRD characteristic peaks of both samples match with the phase
Co3O4 (JCPDS# 43-1003), which confirms the above conclu-
sion well.

3.3. Energy storage applications

The electrochemical performance of LIBs made from
N-C@Co3O4–CoO@GO as the anode material was evaluated
by a CV experiment. Figure 3(a) shows the first five CV
curves of the N-C@Co3O4–CoO@GO at a scanning rate of
0.5 mV s−1 from 0.01 to 3.0 V. Two peaks appear at ∼0.80 V
and ∼1.24 V in the first cycle of cathodic scan, which is
caused by the reduction of Co3O4 and CoO to metal Co,
accompanied by the formation of Li2O and solid electrolyte
interface (SEI) layers. Additionally, a slight shift happens to
these peaks in the subsequent cycles. It is due to irreversible
formation of the SEI film and structural modification arises
from Li+ insertion/extraction [48, 49]. In the following oxi-
dation scan, there are two anodic peaks located at ∼1.38 V
and ∼2.1 V. The one at ∼1.38 V may be due to the extraction
of Li+ from carbon and the partial decomposition of SEI
layers [35, 42]. While the other peak at ∼2.1 V is attributed to
the reversible oxidation of Co to Co3O4 and CoO, accom-
panied by the decomposition of Li2O. All in all, the electro-
chemical reactions during the discharge/charge process can
be described as follows [50–53]:

+ + « ++ -eCo O 8Li 8 3Co 4Li O, 13 4 2 ( )

+ + « ++ -eCoO 2Li 2 Co Li O. 22 ( )

Apart from the first cathodic scan, the following cathodic
scanning curves are almost overlapping, indicating good
cycling stability and reversible electrochemical reaction. The
galvanostatic discharge and charge curves of five cycles for
N-C@Co3O4–CoO@GO at a current density of 0.1 A g−1

from 0.01 to 3 V is observed in figure 3(b). The first discharge
and charge specific capacity are 1 138.9 and 800.8 mA h g−1,
respectively. Therefore, the resulting initial coulombic efficiency
(CE) is 70.3% and the irreversible capacity loss may be caused
by the formation of the SEI film during decomposition of the
electrolyte. Besides, attributing to the gradual activation of the
electrode and the formation of active sites during the insertion
and extraction of Li+ ions, the specific capacity of charge and
discharge increases to some extent, thus the ratio of charge
and discharge specific capacity (CE) gradually increases and
tends to a stable value compared with the first cycle [54–56].
The approximate CE in the subsequent cycle demonstrates the
excellent stable and reversible cycle performance in accord with
CV analysis.

The comparison of rate performance from N-C@Co3O4–

CoO@GO, Co3O4–CoO@GO, Co3O4–CoO at different cur-
rent densities (0.1 A g−1-5 A g−1) are shown in figure 3(c).
The sample of N-C@Co3O4–CoO@GO achieves reversible
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specific capacities of 922.7, 944.9, 916.9, 885.9, 838.8
and 725.1 mA h g−1 at the current densities of 0.1, 0.2, 0.5,
1, 2 and 5 A g−1, respectively. When the current density
returns to 0.1 A g−1, the discharge capacity can recover to
1 092.7 mA h g−1 and remain stable after 30 cycles, which still
reaches and exceeds the initial capacity. The N-C@Co3O4–

CoO@GO exhibits the best rate capability among all the
samples, indicating excellent structural stability. Figure 3(d)
and figure S6 present the corresponding charge and discharge
curves of the rate performance from figure 3(c). Compared to
Co3O4–CoO@GO and Co3O4–CoO, N-C@Co3O4–CoO@GO
exhibits a higher and more stable specific capacity, which is
consistent with the results of figure 3(c). Moreover, the cycle
performance of N-C@Co3O4–CoO@GO, Co3O4–CoO@GO
and Co3O4–CoO measured at 1.0 A g−1 with the first five-cycle
activation process at 0.1 A g−1 are displayed in figure 4(c).
When it refers to N-C@Co3O4–CoO@GO, there is an obvious
fluctuation appearing during the cycling process, which is a
common phenomenon in the previous reports on TMOs for
LIBs [43, 57]. The gradual rise at the beginning of the cycling
is mainly due to the gradual formation of an SEI film and the

activation process caused by the transition of the crystalline
phase to amorphous structure of the active material, which
accelerates the diffusion of lithium ions [58, 59]. In the sub-
sequent cycles, the specific capacity decreases slightly and
maintains stability due to the stabilization of the SEI film and
the completion of the activation process. At the 600th cycle,
it delivers a high capacity of 787.4mA h g−1, which still
remains 87% capacity retention. Even at high current density of
5 A g−1, the cycling capacity shows no significant fluctuations
and can be still maintain a high capacity of 436.8mA h g−1

after 1600 cycles, corresponding to a CE of nearly 100%. It
implies good cycling stability of N-C@Co3O4–CoO@GO. In
contrast, the samples of Co3O4–CoO@GO and Co3O4–CoO
show lower battery capacity and poor stability in terms of rate
and cycle performance.

Such superior electrochemical performance of
N-C@Co3O4–CoO@GO benefits from the following reasons.
Firstly, the 3D structure of graphene and active material
contributes to the rapid diffusion of Li ions and increases the
contact area to promote effective penetration of the electro-
lyte. Next, the graphene can reduce volume expansion and

Figure 3. (a) CV curves of the N-C@Co3O4–CoO@GO composite at a scan rate of 0.5 mV s−1 within the range of 0.01–3.0 V.
(b) Galvanostatic charge/discharge curves of N-C@Co3O4–CoO@GO composite at a current density of 0.1 A g−1. (c) Comparison of the
rate capacity of N-C@Co3O4–CoO@GO, Co3O4–CoO@GO and Co3O4–CoO at various current densities ranging from 0.1 to 5.0 A g−1.
(d) Charge/discharge curves of N-C@Co3O4–CoO@GO at different current densities (0.1∼ 5.0 A g−1). (e) The comparison of the rate
performance of materials in this work and previous Co3O4-based work in the literature.
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prevent particle agglomeration. Finally, the addition of amor-
phous N-doped carbon enhances electrical conductivity.
Besides, we have also compared this work with those of pre-
viously reported Co3O4-based materials [37, 39, 41, 58, 60–64].
As shown in figure 3(e) and table S1, the capacity at different
current density is generally higher and more stable than the
previous materials. It can be seen that the materials obtained
from the present work have excellent electrical properties.
Additionally, in order to further understand the outstanding high
capacity and stability of N-C@Co3O4–CoO@GO, the EIS
measurements and the corresponding equivalent circuit diagram
of all anode materials are displayed in figure 4(a) (all the
samples are measured in the initial state) and figure S7,
respectively. Figure 4(a) reveals the typical Nyquist curves of
the electrodes and the curve of equivalent electrical circuit
consists of the electrolyte resistance(Rs), a semicircle in the high
frequency region related to the diffusion and migration resist-
ance of lithium ions through the SEI film(Rf), a medium-
frequency semicircle correspond to the charge transfer
resistance(Rct) and a sloping line in the low-frequency region
attributed to the solid diffusion process of lithium ions (the
Warburg impedance, Zw) [56, 65]. In figure S7, the circuit fitted
Rf and Rct values of N-C@Co3O4–CoO@GO electrode are 6.89

and 26.4 Ω, respectively, while for the Co3O4–CoO@GO and
Co3O4–CoO electrodes, the values of Rf and Rct increase to
11.77/107 Ω and 18.09/108 Ω, respectively. It confirms
prominent lithium ion diffusion ability and rapid charge
transfer rate for the N-C@Co3O4–CoO@GO electrode, which
benefit from a unique 3D structure composed of active
materials, graphene oxide sheets and the introduction of
conductive nitrogen carbon. Similarly, the above three fre-
quency region characterizations also exhibit in the Nyquist
curve of N-C@Co3O4–CoO@GO electrode tested before (the
initial state) and after cycling (the fully charged states) at
1 A g−1(figure 4(b)). The semicircle size of the high–medium
frequency region for N-C@Co3O4–CoO@GO electrodes
before cycling is significantly smaller than that after 50 and
100 cycles. It suggests that the rapid diffusion of lithium ions
and charge transfer benefit from SEI film gradually formed
and sufficient contact of electrolyte with electrode. As the
number of cycles increases, the decomposition of the elec-
trolyte causes the charge transfer to be hindered. The slope of
the low-frequency region after 100 cycle is larger than that
after 50 cycles, implying increased internal active sites in
materials during lithiation and delithiation process [66]. In
addition, the intercept of the high-frequency region in the

Figure 4. The electrochemical impedance spectra of (a) N-C@Co3O4–CoO@GO, Co3O4–CoO@GO and Co3O4–CoO electrodes. (b) The
N-C@Co3O4–CoO@GO electrode before cycle, after 50 and 100 cycle over the frequency range from 100 kHz to 0.01 Hz. (c) Cycling
performance comparison of N-C@Co3O4–CoO@GO, Co3O4–CoO@GO and Co3O4–CoO at the same current density of 1 A g−1 for
600 cycles and (d) The N-C@Co3O4–CoO@GO electrode at a high current density of 5 A g−1 for 1600 cycles after initial five cycles for
activation at 0.1 A g−1.
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Z′-axis significantly increases after 100 cycles, indicating that
the internal resistance of the electrolyte increases. It may be
due to the partial shedding of small amount of active material
caused by the volume expansion during the reaction of the
battery and the partial decomposition of the electrolyte during
the reaction.

To explore the redox kinetic electrochemical behaviors of
the electrodes, the CV tests were conducted at the various
scanning rates ranging from 0.1 to 1 mV s−1 as shown in
figure 5(a) and figures S8(a), (b). Compared with
Co3O4–CoO@GO and Co3O4–CoO, the obvious and well-
separated redox peak shape of N-C@Co3O4–CoO@GO has
almost no change and the peak voltage has only tiny shift with
the increase of scanning rate, suggesting the rapid insertion
and extraction of lithium with smaller polarization effects.
Figure 5(d) schematically illustrates the structural transfor-
mation of the N-C@Co3O4–CoO@GO electrode during the
lithiation/delithiation process. The outstanding flexibility
of graphene sheets alleviates the volume change of
N-C@Co3O4–CoO@GO composite and prevents agglom-
eration of Co3O4–CoO nanoparticles. Additionally, it offers
more conductive paths for rapid charge transfer. Besides, the
entire area of the CV curve represents the total amount of
lithium storage during the electrochemical reaction. As we
know, the lithium storage mechanism includes the contrib-
ution of lithium ion diffusion during the lithiation/delithiation
process and the capacitive contribution during surface charge

transfer process (also referred to as pseudocapacitance)
[67, 68]. It could be characterized by the relationship between
peak current (i) and scanning rate (ν), according to the fol-
lowing equations [69]:

n=i a , 3b ( )
n= +log log logi a b , 4( )

in which, a and b are adjustable constants. Generally speak-
ing, the b value reflects the kinetics process of the electro-
chemical reaction. According to previous reports, if b=0.5,
the electrochemical reactions are attributed to the diffusion
process; if b=1, the electrochemical reactions are mainly
due to the capacitive process; if 0.5<b<1, two mechan-
isms coexist for lithium ion storage [70, 71]. As shown in
figure 5(b), the values of b for the cathodic peak and anodic
peak of N-C@Co3O4–CoO@GO obtained from the slope of
the log (i) versus log (ν) plot are 0.90 and 0.89, respectively.
It implies that the N-C@Co3O4–CoO@GO electrode is
dominated by the surface induced capacitance process.
Meanwhile, the higher b value of N-C@Co3O4–CoO@GO
electrode than that of Co3O4–CoO@GO and Co3O4–CoO
(figures S8(c), (d)) reveals more capacitance contribution. It
confirms that the addition of GO and N-doped carbon are
beneficial to capacitive-controlled lithium storage, resulting in
enhanced rate specific capacity and cycle stability. Further-
more, the capacitance contribution can be calculated quanti-
tatively from the following equations [72]:

Figure 5. (a) The CV curves of the N-C@Co3O4–CoO@GO electrode at different scanning rates from 0.1 to 1 mV s−1. (b) Determination of
the b value using the relationship between logarithm peak current and logarithm scanning rates for N-C@Co3O4–CoO@GO electrode
according to the voltammograms in (a). (c) The capacitive contribution to charge storage at a scanning rate of 1 mV −1. (d) Schematic of
structural change of the N-C@Co3O4–CoO@GO electrode during the lithiation/delithiation process.
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n n= +i V k k , 51 2
1 2( ) ( )

n n= +i V k k , 61 2
1

1 2
2( ) ( )

where k1ν and k2ν
1/2 correspond to the capacitance con-

tributions from the surface-capacitive effects and diffusion-
controlled process, respectively. k1 and k2 can be calculated
by the peak current at a certain potential. By determining the
values of k1 and k2, we can calculate the ratio of the current at
each characteristic voltage. Thus, we are able to obtain the
specific contribution of the surface-capacitive and diffusion-
controlled reaction process on the total capacity in the elec-
trode. At the scanning rate of 1 mV s−1 (figure 5(c)), the
capacitance contribution reaches up to 93.1% of the total
storage. This pseudocapacitive effect accelerates the transfer
of the surface charge, giving rise to the high rate capacity and
superior cycle performance.

4. Conclusion

In summary, a novel three dimension porous N-C@Co3O4–

CoO@GO conductive structure, which comprises thin-layered
graphene sheets, a Co3O4–CoO composite nanoparticle and
N-doped carbon, was synthesized by a simple one-step
hydrothermal method. The resulting composite exhibits great
potential for LIBs in terms of high reversible capacity,
long cycling stability and maintaining good capacity under
high current density. Specifically, the hybrid electrode of
N-C@Co3O4–CoO@GO reveals stable and high capacity at
different current densities and could reach a reversible capacity
of 1 273.1 mA h g−1 after 30 cycles at a current density of
0.1 A g−1. In addition, the N-C@Co3O4–CoO@GO electrode
obtains a reversible capacity of 787.4 mA h g−1 (a capacity
retention of 87%) after 600 cycles at 1 A g−1. Even at a
ultrahigh current density of 5 A g−1, it is still able to achieve
relatively high reversible capacity of 436.8 mA h g−1 after the
ultra-long 1600 cycles. The superior electrical performance
benefits from this unique structure and it is expected that this
design would provide a potential strategy for other similar
transition metal oxide anode-based materials.
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