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ABSTRACT: Herein, we have designed and synthesized a novel type
of nitrogen-doped carbon-supported CoO nanohybrids, i.e., nitrogen-
doped carbon-wrapped porous single-crystalline CoO nanocubes
(CoO@N−C nanocubes), by using Co3O4 nanocubes as precursors.
Owing to its unique structural features, the as-synthesized CoO@N−C
nanocubes demonstrate markedly enhanced anodic performance in
terms of reversible capacity, cycling stability, and rate capability, facili-
tating its application as a high-capacity, long-life, and high-rate anode
for advanced lithium-ion batteries.
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1. INTRODUCTION

Since the pioneering work of Tarascon et al. in 2000,1 much
research interest has concentrated on a new anodic category for
lithium-ion batteries (LIBs), i.e., 3d transition-metal oxides
(MxOy, M = Fe, Co, Ni, and Cu).2−7 Typically, cobalt monoxide
(CoO) has been regarded as an ideal anodic candidate to replace
commercial graphitic materials owing to its high theoretical ca-
pacity (715 mA h g−1).8−11 However, CoO anodes still suffer
from low intrinsic electrical conductivity and poor structural
stability during lithium insertion/extraction, which leads to low
rate capability and poor cycling stability and thus hinders its
practical application in advanced LIBs.
Up to now, extensive work has proceeded to address these

issues via the microscopic structural design of CoO anodes.8−19

Among them, nanostructuring and hybridizing anodic systems
with carbon (C) matrixes have proven to be an effective design
strategy to improve their lithium-storage capabilities.12−23 For
example, amorphous carbon,12−14 graphitic carbon,15 carbon nano-
tubes (CNTs),16 and graphene17−19 supported nanostructured
CoO anodes are able to exhibit improved strain accommodation
and charge-transport capabilities and thus enhanced cycling
stability and rate capability. Recently, it has been reported that
nitrogen (N) doping can improve the electrical conductivity and
interfacial stability and promote the reaction kinetics of C-based
electrodes in energy storage and conversion devices including
LIBs,24−28 fuel cells,29 and supercapacitors.30−33 For example,
N-doped carbon has been adopted as an efficient conducting
and buffering matrix for Fe3O4,

26 Sn,27 and Li4Ti5O12
28 anodes

in LIBs owing to the enhanced lithium-storage reaction kinetics.
Therefore, N-doped C-supported CoO nanohybrids are expected

to demonstrate further enhanced anodic performance in LIBs
and meet the commercial requirements of advanced anodes with
high capacity, long life, and high rate.
Herein, we have designed and synthesized a novel type of

N-dopedC-supported CoOnanohybrids, i.e., N-dopedC-wrapped
porous single-crystalline CoO nanocubes (CoO@N−C nano-
cubes), by using Co3O4 nanocubes as precursors. When exam-
ined as a potential anode for LIBs, the as-synthesized CoO@
N−C nanocubes demonstrate superior lithium-storage capa-
bilities in terms of reversible capacity, cycling stability, and rate
capability.

2. EXPERIMENTAL SECTION
Synthesis of CoO@N−C Nanocubes. The precursor, i.e., Co3O4

nanocubes, was prepared via a hydrothermal method. Briefly, 1 g of
poly(vinylpyrrolidone) was dissolved in 20 mL 7 M ammonia to form a
clear solution, and then 5 mL of 1 M cobalt acetate was added dropwise.
After stirring for 10 min, the mixture was sealed in a Teflon-lined
stainless steel autoclave and maintained at 160 °C for 16 h. Then, the
resulting black product was washed with distilled water and ethanol and
then dried at 80 °C in air. The as-prepared Co3O4 nanocubes were
wrapped by polypyrrole (PPy) through a chemical oxidative polymer-
ization of pyrrole monomers by using (NH4)2S2O8 as an oxidant.

7 Finally,
the Co3O4@PPy nanocubes were kept in a tube furnace at 500 °C for 3 h
under N2 at a ramping rate of 2 °C min−1, resulting in CoO@N−C
nanocubes.

Characterization. The morphology, structure, and composition of
the products were characterized by scanning electron microscopy
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(SEM; JEOL JSM-7600F), transmission electron microscopy (TEM;
Hitachi H-7650, 120 kV), and high-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2010F, 200 kV) coupled with
energy-dispersive X-ray spectrometry (EDX; Thermo Fisher Scientific).
Powder X-ray diffraction (XRD) measurements were performed with a
model D/max-rC diffractometer using CuKα radiation (λ = 0.15406 nm)

and operating at 45 kV and 100mA. Thermogravimetric analysis (TGA)
was carried out on a Netzsch STA 449C thermal analyzer at a heating
rate of 10 °C min−1 in air. X-ray photoelectron spectroscopy (XPS)
analysis was performed on a Thermo VG Scientific ESCALAB 250
spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV
photons).

Electrochemical Measurements of CoO@N−C Nanocubes.
Electrochemical tests were carried out by 2025-type coin cells, which
were assembled in an Ar-filled glovebox (IL-2GB, Innovative Tech-
nology). The electrodes were made as follows: 70 wt % CoO@N−C
nanocubes, 15 wt % Super P, and 15 wt % poly(vinylidene fluoride) in
N-methyl-2-pyrrolidene were mixed, and then the slurry was coated on
the surface of copper foams and dried under vacuum at 120 °C for 12 h.
An N-doped carbon matrix in CoO@N−C nanocubes was considered
as part of the active material during calculation of the specific capacity of
a nanohybrid anode, and the loading density of the active material on
copper foam current collectors was ca. 1.5 mg cm−2. The counter
electrode was lithium foil, and the electrolyte solution was 1 M LiPF6 in
ethylene carbonate and dimethyl carbonate (1:1 by volume). Finally, the
cells were aged for 12 h before measurements. A galvanostatic cycling
test of the assembled cells was examined on a Land CT2001A system in
the potential range of 0.01−3 V. Cyclic voltammtery (CV) measure-
ments were recorded on a CHI 660C electrochemical workstation in the
potential range of 0.0−3 V at a scan rate of 0.1 mV s−1. The voltages
mentioned herein were referred to a Li+/Li redox couple. All of the
electrochemical measurements were conducted at 20 °C.

3. RESULTS AND DISCUSSION

Figure 1 depicts the schematic diagram for the formation of
CoO@N−C nanocubes. As observed, the Co3O4 nanocubes are
prepared via a facile hydrothermal method and act as precursors
in this synthetic methodology. Concretely, Co3O4 nanocubes
have been transformed into Co3O4@PPy and CoO@N−C
nanocubes after subsequent PPy coating and carbonization
processes. Figure 2 shows the corresponding XRDpatterns of the
Co3O4, Co3O4@PPy, and CoO@N−C nanocubes. The observed
crystalline phase has transformed from cubic Co3O4 (curves a

Figure 1. Schematic illustration of the fabrication for CoO@N−C
nanocubes.

Figure 2.XRD patterns of Co3O4 (curve a), Co3O4@PPy (curve b), and
CoO@N−C (curve c) nanocubes.

Figure 3. SEM and TEM images of Co3O4 (a and b) and Co3O4@PPy (c and d) nanocubes.
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and b; PDF card 43-1003) to cubic CoO (curve c; PDF card
43-1004), whereas the PPy- and N-doped carbon layers are not
well crystallized.
The morphological and structural characterizations of Co3O4

and Co3O4@PPy nanocubes were examined by SEM and TEM
(Figure 3). The Co3O4 products exhibit typical cubelike mor-
phology with a size length of ca. 150 nm and a smooth surface
(Figure 3a,b). Subsequently, the Co3O4 nanocubes are fully
wrapped by a PPy layer after chemical oxidative polymerization
of pyrrole (Figure 3c,d). As observed, the cubic morphology is
well retained in Co3O4@PPy nanocubes, and the average thick-
ness of the uniform PPy layer in the core−shell nanocubes is ca.
30 nm.
Furthermore, the as-prepared Co3O4@PPy nanocubes could

be converted into CoO@N−C nanocubes through a controlled
annealing process at a relatively lower temperature (500 °C).
During the thermal treatment process, the PPy precursor has
been carbonized into a N−C layer,25 and the N−C hollow
nanocube could simultaneously serve as a novel nanoreactor for
the reduction of Co3O4 to CoO. Figure 4 shows the morphol-
ogical, structural, and compositional characterizations of the
CoO@N−C nanocubes. As observed, the cubic morphology and

core−shell structure are both well preserved in the product
(Figure 4a,b). The TEM images clearly reveal that the CoO core
exists in the form of a porous nanocube, which is fully encapsu-
lated in a N−C layer with a thickness of ca. 30 nm (Figure 4b,c).
Figure 4d displays its selected-area electron diffraction (SAED)
pattern recorded along the [01−1] zone axis. The observed
diffraction spots from the SAED pattern can all be indexed to
CoO with cubic symmetry, suggesting the single-crystalline
nature of the CoO core. Parts e−g of Figure 4 show the HRTEM
images of three representative areas taken from regions 1−3
shown in Figure 4c. As can be seen, the whole CoO core grows
along the same direction, further confirming the single crystal-
linity of the CoO nanocube. Parts h and i of Figure 4 show a
typical TEM image of CoO@N−C nanocubes along with its
corresponding elemental mappings of Co (green), N (red), and
C (yellow) and their overlap. As can be seen, the Co element is
concentrated in the core region, whereas N and C signals are
uniformly distributed in the selected area, confirming the forma-
tion of a core−shell structure and homogeneous N doping in
carbon shells.
Moreover, the N content in PPy-derived carbon was examined

by XPS. As observed in Figure 5, the molar ratio of N/C in a N−C

Figure 4.Morphological, structural, and compositional characterizations of CoO@N−C nanocubes: (a) SEM image; (b) TEM image; (c and d) TEM
image and its SAED pattern; (e−g) HRTEM images of regions 1−3 shown in part c, respectively; (h and i) TEM−EDX elemental mappings of Co
(green), N (red), and C (yellow) and their overlap.
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layer is determined to be ca. 0.18, which is lower than the value of
the PPy unit (−C4NH2−, 0.25) because of its partial carbon-
ization.31 Additionally, the N 1s spectrum can be deconvoluted
into three components, i.e., pyridinic N (N-6), pyrrolic N (N-5),
and quaternary N (N-Q), which are located at ca. 398.4, 399.7,
and 400.6 eV, respectively.31,32 Carbonization of the PPy layer
leads to the appearance of N-6 and N-Q peaks with much
stronger intensities compared with that of the N-5 peak, which is
beneficial for the enhanced reaction kinetics toward lithium
storage.24−27 TGAwas further performed to quantitatively deter-
mine the N−C content presented in the CoO@N−C nanocubes
(Figure S1 in the Supporting Information, SI). Removal of the
N−C layer leads to a weight decrease and oxidation of the CoO
component gives rise to a weight increase of the product. The
observed weight loss between 200 and 737 °C could be mainly
attributed to combustion of the N−C shell, whereas the sub-
sequent weight gain is probably related to oxidation of CoO to
Co3O4. Thus, the N−C content in CoO@N−C nanocubes can
be determined to be ca. 21.5 wt %.
Motivated by its unique microscopic structural features, we

performed the anodic performance of CoO@N−C nanocubes
for LIBs in comparison with bare Co3O4 nanocubes. Figure 6

shows the first three CV curves of CoO@N−C nanocubes in the
potential range of 0.0−3.0 V at a scan rate of 0.1 mV s−1. The
profiles of these curves are in good accordance with the lithium-
storagemechanism for CoO-based anodes as described previously:

CoO + 2Li+ + 2e− ↔ Co + Li2O.
1 In the first cycle, the cathodic

peaks at ca. 1.0 V can be assigned to the lithium insertion into a
CoO crystal and partial reduction of CoO, whereas the subsequent
peak at ca. 0.5 V corresponds to destruction of the crystal structure,
reduction of CoO to Co, and also formation of the solid electrolyte
interface (SEI) layer.19,34 The cathodic peaks shift to higher
voltages at ca. 0.9 and 1.3 V in subsequent cycles, which is pro-
bably because of the decreased surface energy of the CoO anode
after the initial lithiation/delithiation process.15,18,35 For the
anodic processes, the peak at 2.1 V can be attributed to oxidation
from Co0 to Co2+.35

Figure 5. XPS spectra of CoO@N−C nanocubes: (a) survey spectrum; (b) N 1s spectrum.

Figure 6. First three CV curves of CoO@N−C nanocubes in the
potential range of 0.0−3 V at a scan rate of 0.1 mV s−1.

Figure 7. Lithium-storage performance of CoO@N−C and bare Co3O4
nanocubes: (a) cycling performance; (b) rate capability.
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Figure 7a shows the cycling stability for CoO@N−C and bare
Co3O4 nanocubes in the potential range of 0.01−3 V at a current
density of 100 mA g−1. As observed, the discharge and charge
capacities of CoO@N−C nanocubes in the first cycle are 1044.0
and 754.5 mA h g−1, respectively, corresponding to a Coulombic
efficiency of 72.3% (Figure S2 in the SI). The initial capacity loss
(289.5 mA h g−1) could be mainly attributed to the irreversible
formation of the SEI layer. Despite this, the CoO@N−C nano-
cubes demonstrate markedly enhanced cycling stability than bare
Co3O4 nanocubes, and the Coulombic efficiencies of CoO@
N−C nanocubes remain steadily at more than 97% after the first
cycle (Figure S3 in the SI). After 50 cycles, the CoO@N−C
nanocubes are able to deliver a high discharge capacity of
598.3 mA h g−1, which is much higher than the theoretical
capacity of graphite (372 mA h g−1) and that of bare Co3O4
nanocubes (203.7 mA h g−1). The high reversible capacity and
excellent capacity retention of CoO@N−C nanocubes facilitate
its application as a high-capacity and long-life anode for advanced
LIBs. Figure 7b displays the rate capability of CoO@N−C
nanocubes at various current densities from 100 to 200, 500, and
1000 mA g−1 and finally back to 100 mA g−1. The discharge ca-
pacities vary along with charging/discharging rates, and the average
values decrease from 646.0 to 545.4, 416.9, and 309.0 mA h g−1

and finally recover to 562.4 mA h g−1. Additionally, the profiles of
the corresponding discharge/charge curves are in good agree-
ment with the conversion-type lithium-storage mechanism of
CoO-based anodes (Figure S4 in the SI). These results dem-
onstrate the high rate capability of CoO@N−C nanocubes,
making it an ideal anode candidate for high-power LIBs.
The improved lithium-storage capabilities, especially cycling

stability, could be attributed to the enhanced structural stability
during lithium insertion and extraction, which can be confirmed
by their microstructural characterizations after cycling. Figure 8
displays the TEM−EDX elemental mappings of CoO@N−C
nanocubes in a fully delithiated state (3 V vs Li+/Li) after 50
cycles. As observed from the TEM images, the cubic morphology
and core−shell structure are still well retained in the delithiated
product. The Co, N, and C signals from EDX elemental map-
pings are uniformly distributed in the core area and entire
product, respectively, and are in good agreement with the TEM
images. Additionally, the F signal might originate from the SEI
layer on the surface of the CoO@N−C anode.36 The TEM and
elemental mapping characterizations indicate that anodic
agglomeration, pulverization, and detachment could be effec-
tively suppressed during repeated lithium insertion/extraction.
Thus, the CoO@N−C nanocubes manifest enhanced structural

stability upon cycling and markedly improved lithium-storage
capabilities.

4. CONCLUSION

In summary, a novel type of N-doped C-supported CoO nano-
hybrids, i.e., N-doped C-wrapped porous single-crystalline CoO
nanocubes (CoO@N−C nanocubes), has been designed and
synthesized by using Co3O4 nanocubes as precursors. When
tested as an anode material for LIBs, the CoO@N−C nanocubes
display high capacity, remarkable cycling stability, and high rate
capability. For example, a high reversible capacity of 598.3mAh g−1

can be retained after 50 cycles at a current density of 100 mA g−1.
The superior lithium-storage capability of CoO@N−C nanocubes
makes it an ideal anode candidate for high-energy, long-life, and
high-power LIBs.
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