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ABSTRACT: Recently, two-dimensional transition metal oxide nanomaterials have been extensively investigated as promising candidates for the
lithium-ion battery anode materials due to their elastic volume change,
eﬃcient ion/electrical pathways, and additional interfacial lithium storage
sites. Herein, we report a simple wet-chemical method followed by
thermal treatment to synthesize Co3O4 nanosheets with the in-plane
pores. The as-prepared nanosheets are found to selectively expose the
highly active {112} facets as the dominant surfaces. When fabricated into
the anode conﬁguration, a speciﬁc capacity of 1717 mA h g−1 can be
reliably retained after 100 cycles at a current density of 200 mA g−1. While
increasing the current density to 1 A g−1 and prolonging the cycle life to
400 cycles, the nanosheets can still deliver a capacity of 1090 mA h g−1
with a Coulombic eﬃciency of 99.5%. This excellent electrochemical
performance can be attributed to the unique morphological structures of our porous nanosheets for the shortened lithium ion
diﬀusion pathway, alleviated volume expansion, and enhanced active sites, indicating the technological potency of the nanosheets
for high-performance lithium storage.
morphologies14−16 were synthesized and employed as LIB
anode materials. Ma and his colleagues successfully synthesized
multishelled Co3O4 hollow microspheres, which exhibited an
excellent capacity of 1615.8 mA h g−1.17 Porous rhombusshaped Co3O4 nanorods were as well prepared by Mei and coworkers,18 delivering a capacity of over 1000 mA h g−1 at the
current density of 1 C. However, the practical application of
these materials is still limited to their synthesis methodologies
in terms of the complex fabrication process and the slow
throughput involved. Despite the continuous progress that has
been made recently, developing a facile and reliable method to
synthesize high electrochemical performance Co3O4 anode
materials with large-scale production is highly desirable and
remains challenging.
At the same time, two-dimensional nanomaterials with
porosity structure are of great interest in LIBs as a result of
their high surface−volume ratio, shortened diﬀusion pathway,
abundant Li-insertion channels, and high mechanical property,
hence, endowing the long-term cycling stability.19,20 Furthermore, the control of exposed crystal facets is also crucial for Liion storage in order to manipulate the active electrochemical
interface. For cobalt oxide nanosheets, Hu et al. ﬁrst reported

1. INTRODUCTION
In recent years, the wide use of consumer electronic devices has
driven the rapid development of lithium ion batteries (LIBs)
toward high density, lightweight, long cycle life, and improved
safety.1,2 When compared with the commercial anode material
of graphite which has the theoretical capacity of about 372 mA
h g−1, transition metal oxides are considered as promising
alternatives due to their higher theoretical capacities3,4 and
other superior physical properties.3,5 However, because of the
relatively large polarization at high charge/discharge rates, the
induced increase of electrolyte resistance, as well as the drastic
volume variation during the Li+ ion insertion and extraction,
these oxide materials typically suﬀer from the poor cycling
stability, which greatly restricts their practical uses as highperformance lithium-ion battery anodes.5−7 In order to alleviate
these problems, preparing novel nanostructured electrode
materials has been proved as an eﬃcient way for the better
accommodation of strain resulting from lithium insertion/
deinsertion, the higher electrode/electrolyte contact area, and
the shorter path lengths for both electrons and Li+ diﬀusion
than the ones of bulk materials.8,9
Among various transition metal oxides, Co3O4, a mixed
valence compound, has attracted tremendous attention owing
to its unique physical and chemical properties. Co 3 O 4
nanobelts,10 porous nanocapsules,11 hexagonal nanoplatelets,12
nanopolyhedras,13 and other nanostructures with novel
© 2017 American Chemical Society
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that unusually high index {112} planes are more reactive than
the low index {001} and {011} planes for methane
combustion.21 In the same manner, Xiao et al. demonstrated
the octahedral Co3O4 with exposed {111} facets being more
beneﬁcial to Li cation transport than that of cubic ones with
{001} facets.22 With the above considerations in mind, Lou’s
group successfully synthesized nearly 100% exposed (001)
facets TiO2 for high reversible lithium ion electrodes at a
current density as high as 10 C.23 Herein, we reported a facile
and eﬀective solvothermal method followed by the thermal
treatment to synthesize ultrathin Co3O4 nanosheets with inplane pores of which selectively exposed {112} facets as the
main external surfaces. When fabricated as LIB anodes, these
virtues bestowed the anode materials with an excellent
electrochemical performance. Even after 400 cycles at a high
current density of 1 A g−1, the capacities could still retain 1090
mA h g−1 with the Coulombic eﬃciency of above 99.5%. All of
these would give further insights into the development of highperformance LIB anode materials.

weight ratio of 7:2:1. The weight of active material is 0.70 mg.
Lithium metal was used as the counter and reference electrodes.
The electrolyte was 1 mol L−1 LiPF6 dissolved in a 1:1:1
mixture of ethylene carbonate (EC), ethylene methyl carbonate
(EMC), and dimethyl carbonate (DMC). The cells were
assembled in a glovebox ﬁlled with high-purity argon (H2O and
O2 < 1 ppm). Discharge/charge measurements of the cells were
performed between the potential range of 0.01−3.00 V (vs Li+/
Li) using a LAND-CT2001A instrument (LANHE, Wuhan,
China). Cyclic voltammograms (CVs) were conducted on a
Zahner-Elektrik IM6e electrochemical workstation (ZahnerElektrik, Kronach, Germany). The CV curves for the above test
cells were recorded in a potential range of 0.01−3.00 V (vs Li+/
Li) at a scan rate of 0.05 mV s−1 at 25 °C.

3. RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the as-prepared precursor
and porous Co3O4 nanosheets. The high intensity of the peaks

2. EXPERIMENTAL SECTION
2.1. Synthesis of Co3O4 Nanomaterials. All chemicals
were purchased in the analytical grade and were used without
any further puriﬁcation. In a typical preparation, 3.52 g of
Co(NO3)2·6H2O was dissolved in 40 mL of methanol. After
Co(NO3)2·6H2O dissolved completely, 5.9 mL of benzyl
alcohol was added to the mixture. After stirring for another 1
h, the solution was transferred into a 100 mL Teﬂon-lined
stainless steel autoclave, which was subsequently heated to 180
°C and maintained for 24 h. Then, it was cooled to room
temperature naturally. The resulting precipitate was collected,
washed with anhydrous ethanol and deionized water three
times respectively, and dried at 60 °C overnight. A lilac powder
was obtained and subsequently calcined in air with a ramp rate
of 5 °C/min to 400 °C with a duration of 4 h.
2.2. Characterization. The purity and crystalline structure
of the samples were characterized by powder X-ray diﬀraction
(XRD) employing a scanning rate of 0.05°/s in a 2θ range from
10° to 80°, using a Bruker D8 Advance (Bruker, Billerica, MA,
U.S.A.) instrument equipped with monochromatized Cu Kα
radiation. The morphologies and sizes of the samples were
observed by SU-8010 ﬁeld-emission SEM (Hitachi, Tokyo,
Japan) at an accelerating voltage of 1.5 kV. Transmission
electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) were conducted by a Tecnai
G20 (FEI, Hillsboro, OR, U.S.A.) using an accelerating voltage
of 200 kV. The Brunauer−Emmett−Teller (BET) speciﬁc
surface areas of the samples were evaluated on the basis of
nitrogen adsorption isotherms using a Micromeritics ASAP
2020 gas adsorption apparatus (Micromeritics, Norcross, GA,
U.S.A.). X-ray photoelectron spectroscopy (XPS) was recorded
on a VG Multilab 2000 (Thermo Fisher Scientiﬁc, Waltham,
MA, U.S.A.) photoelectron spectrometer using monochromatic
Al Kα radiation under vacuum at a pressure of 2 × 10−6 Pa. All
of the binding energies were referenced to the C 1s peak at
284.6 eV of the surface adventitious carbon. The infrared
spectra were collected using a PerkinElmer Spotlight 400
(PerkinElmer, Waltham, MA, U.S.A.) spectrometer. Spectra
were recorded between 400 and 4000 cm−1.
2.3. Electrochemical Measurement. Electrochemical
performances of the samples were evaluated in Li test cells.
The working electrodes were comprised of the active material,
acetylene black, and polytetraﬂuoroethylene (PTFE) at the

Figure 1. XRD patterns of the precursor and as-synthesized Co3O4
nanosheets with the in-plane pores.

at 2θ = 11.8° and 33.8° in the upper pattern (blue) indicates
that the as-synthesized precursor is highly crystalline. After
calcination at 400 °C for 4 h, 0.8124 g of ﬁnal product was
obtained with an impressively high yield of 83.5% (Figure S1).
Also, the bottom pattern (red) displays all of the diﬀraction
peaks of the nanosheet sample being identiﬁed as the standard
Joint Committee on Powder Diﬀraction Standards (JCPDS)
card no. 71-0816. It is evident that there is not any impurity
peaks detected for other phases, indicating the obtained Co3O4
being well-crystalline with the cubic structure (space group:
F4̅3m).
Moreover, the size and morphologies of the precursor and
Co3O4 nanosheets were studied by SEM, TEM, and HRTEM.
The SEM and TEM images in Figure S2 illustrate the
precursors composed of hierarchical ﬂower-like microspheres
with a diameter of several micrometers, which was assembled
by a large number of nanosheets. The obvious dark-light
contrast of the nanosheets in TEM images designates their
ultrathin texture. After calcination, their morphologies which
can be seen from Figure 2 remained mostly the same, except for
the formation of a large amount of pores across the nanosheets
which could be attributed to the thermal decomposition of
metal−organic complexes. The cross-sectional images supported the ultrathin feature with the nanosheet thickness of
about 10 nm. As shown in the EDS spectrum in Figure S3, the
existence of Co and O elements is observed for the ﬁnal
calcined products. More interestingly, Figures 2d and 3a,b
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Figure 4. FT-IR spectra the precursor and as-synthesized Co3O4
nanosheets.

two distinct absorption bands at 564 and 660 cm−1 observed,
which are originated from the stretching vibrations of the Co−
O bonds, suggesting the organic capping agents being
completely removed after the thermal treatment.28,29
In addition, visible light-dark contrast and misorientations
across the “bridge” of two holes (Figure 3a,b) illustrate the
existence of grain boundaries, which can be further conﬁrmed
by the ring-shaped pattern in electron diﬀraction in Figure 3c.
The corresponding HRTEM image taken on the ﬂat-surface of
the Co3O4 porous nanosheets is displayed in Figure 2f, which
indicates the high crystallinity with a clearly resolved lattice
fringes with d values of 0.288 and 0.470 nm, matching up to the
value of (2̅20) and (111̅) planes of the Co3O4 cubic phase,
respectively. Notably, the angle of 90° between these two
lattices is also consistent with the theoretical values. Given the
above results, we can deduce that these cubic Co 3 O 4
nanosheets dominantly exposed high-index {112̅} facets as
the external surfaces.
Generally, ultrathin nanostructures are accompanied by the
large surface area. To shed light on the surface area of the asprepared samples, they were characterized by nitrogen
adsorption and desorption isotherms at 77.2 K. As depicted
in Figure 5, the adsorption−desorption curves exhibit the typeIV isotherm with an H3 hysteresis loop, indicating that the
sample shows mesoporous nanostructures and is composed of
loose assemblages of sheet-like particles forming slit-like
pores.30,31 The Brunauer−Emmett−Teller (BET) analysis
further gives a high speciﬁc surface area of 80.35 m2 g−1 with
the pore size distribution peaked at 24.4 and 36.4 nm (upper
inset, Figure 5), which is in a agreement with the electron
microscopy analysis discussed above.

Figure 2. Typical SEM, TEM, and HRTEM images of prepared Co3O4
nanosheets with the in-plane pores. (a,b) Diﬀerent magniﬁcation SEM
images, (c) low magniﬁcation TEM image, (d) vertical view, (e)
cross−sectional view, and (f) high resolution TEM image; the inset of
panel f gives the corresponding FFT pattern.

illustrate the two adjacent edges of most holes sharing an angle
of 120°, in which analogous phenomenona have been reported
previously in the literature.24,25 Speciﬁcally, during the growth
process, benzyl alcohol is believed to play a critical role as a
structure-directing agent, initiating the formation of defects and
sheetlike structures.26,27 After calcination, the precursor
decomposed and transformed into Co3O4 nanosheets, while
the high reaction/etching rate at the defects in Co3O4 precursor
nanosheets would lead to the construction of those pores/
holes.
To better understand the thermal decomposition process,
FT-IR was conducted before and after the calcination. Figure 4
dmosnstrates the FT-IR proﬁles of the uncalcined precursor
and the calcined one. The peaks at around 3480, 2870, 1640,
and 1070 cm−1 are associated with O−H stretching vibrational
bands, C−H stretching vibrational bands, and O−C and CO
vibrational bands, respectively. After calcination, there are only

Figure 3. (a,b) High magniﬁcation TEM images of selected Co3O4 nanosheets with in-plane pores, grain boundaries are marked by red dashed oval
in panel a and dashed lines in panel b; (c) corresponding SAED pattern of panel a.
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tion−deintercalation process in turn. Enlightened by the
aforementioned virtues, we believe that the porous Co3O4
ultrathin nanosheets have a promising potential for being an
alternative anode materials for Li-ion batteries with the
enhanced electrochemical performance.
In order to clarify the energy storage redox mechanism of the
Co 3 O 4 nanosheets, the cyclic voltammetry (CV) was
performed as shown in Figure 7a. In the ﬁrst cycle of CV
curves, an irreversible reduction peak is observed at 0.63 V,
which corresponds to the initial reduction of Co3O4 to metallic
Co and the formation of amorphous Li2O and a solid
electrolyte interphase (SEI) layer.39 During the subsequent
anodic scan, there is a broader peak located at around 2.19 V,
which can be ascribed to the reversible oxidation of Co0 to
Co2+/Co3+. From the second cycle, the main reduction peak
was positively shifted due to the polarization of the electrode in
the ﬁrst cycle40 and might be the result of the changes in the
Co3O4 phase structure and the interfacial property.41 The
subsequent CV curves exhibit good reproducibility and similar
shapes, suggesting the high reversibility of lithium storage. The
conversion reaction associated with these processes can be
described as

Figure 5. Nitrogen adsorption and desorption isotherm obtained at
77.2 K with the corresponding pore size distribution (inset).

XPS characterizations provide further details into the
elemental compositions and chemical states of the exposed
surface. There are two characteristic peaks observed at 780.0
and 795.1 eV as displayed in Figure 6a, which can be attributed
to the 2p3/2 and 2p1/2 orbitals for Co in Co3O4, respectively,
with a spin−orbit splitting of 15.1 eV.10 The two satellite peaks
located at 786 and 803 eV could be accredited to the generation
of oxygen vacancies on the surface.32,33 The ﬁne-scanned O 1s
XPS spectrum is as well shown in Figure 6b, in which the most
intense peak centered at 529.65 eV can be assigned to the
lattice O in Co3O4 phase.34 The peak located at 530.98 eV
results from the formation of surface oxygen defects due to the
high etching rate during the calcination process,32 while the
lowest intensity peak positioned at 532.1 eV represents the
chemisorbed or dissociated oxygen or OH species on the
surface of Co3O4.35 In this case, the large surface area together
with the ultrathin structure of nanosheets with the in-plane
pores can signiﬁcantly enlarge the interfaical interaction
between electrolytes and anode materials and meanwhile
shorten the diﬀusion pathways of Li cations. The porous
feature could also provide the buﬀer zone and prevent the
anode pulverization and structural collapse during the Li+ ion
insertion and extraction processes. At the same time, surface
defects generated by the heat treatment can also act as
nucleation sites, promoting phase transitions between the redox
and charge/mass transfer processes.36,37 Besides, a higher
density of dangling bonds provided by external Co2+ and Co3+
on the exposed {112} facets not only can provide more active
sites for lithium storage but also create negatively charge zones
and then drive the Li cations to cluster at the high alloying
concentration,38 further facilitating the lithium ions intercala-

Co3O4 + 8Li+ + 8e− ↔ 4Li 2O + 3Co

In addition, Figure 7b demonstrates the 1st, 10th, and 20th
charge−discharge curves of anodes made from the Co3O4
porous nanosheets. It is clear that there are two distinct
voltage plateaus at around 1.20 and 1.09 V in the ﬁrst discharge
curve, which are typically attributed to the reduction processes
of Co3O4 to CoO (i.e., insertion step) and CoO to metallic Co
(i.e., conversion step), respectively.42,43 The subsequently long
and ﬂat voltage plateau further indicates a more stable cycling
performance of the porous Co3O4 nanosheets. The ﬁrst
discharge could reach as high as 1717 mA h g−1, which is 2fold higher than that of the theoretical value (890 mA h g−1).
However, it illustrated an initial capacity decay down to 1160
mA h g−1, which can be mainly due to the possible irreversible
processes, such as the electrolyte decomposition and the
inevitable formation of a SEI layer.39,44 During the 10th and
20th cycles, only one sloping potential range can be observed,
and the voltage plateaus appear slightly higher and stay stable
during the redox processes. More importantly, as the charge−
discharge progressed, a reversible capacity of about 1465 mA h
g−1 in the 10th cycle gradually increases to about 1708 mA h
g−1 in the 20th cycle, whereas the longer voltage plateau in the
20th cycle suggests an enhancement of the anode reversibility.

Figure 6. (a) Co 2p and (b) O 1s XPS spectra of porous Co3O4 nanosheets.
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Figure 7. (a) Cyclic voltammetric (CV) curves of the ﬁrst three cycles at a scan rate of 1 mV s−1 between 0.01 and 3.0 V. (b) The 1st, 10th, and 20th
charge and discharge curves of Co3O4 nanosheets at a current density of 200 mA g−1.

Figure 8. Speciﬁc capacity (left) and Coulombic eﬃciency (right) versus cycle number at current densities of (a) 200 mA g−1; (b) 1 A g−1 for Co3O4
nanosheets and (c) the rate capacities at diﬀerent current densities from 0.2 to 8 A g−1.

be attributed to the reversible formation/dissolution of a
polymeric gel-type layer.46 Moreover, a high density of dangling
bonds and grain boundaries on the {112} facet exposed surface
could provide more active sites for Li+ insertion.47 To further
conﬁrm the contribution of {112} facets in this work, similar
{112} facet-exposed Co3O4 nanosheets with in-plane pores
have been prepared just adding urea as precipitant during the
hydrothermal reaction, and the speciﬁc capacity is higher than
theoretical one as well which reaches 930 mA h g−1 after 100
cycles at a current density of 200 mA g−1 (Figure S4−S6). The
ultrathin Co3O4 porous nanosheets electrode also exhibits
superior rate capability conducted at stepwise rates from 0.2 to
8 A g−1 as illustrated in Figure 8b, Remarkably, when the
conducted current density decreases from 8 to 0.2 A g−1, a
stable high capacity can be maintained at 1670 mA h g−1 and
displays an uptrend as well. Further investigation in terms of

For the full realization of inherent reversible capacity and
percolation of the electrolyte through all of the nanosheets of
the electrode, more charge−discharge cycles would be required.
The capacity versus cycle number plots at diﬀerent current
densities are then shown in Figure 8. After charging/
discharging at a current density of 200 mA g−1 for 100 cycles,
the retention capacity could be maintained at 1717.2 mA h g−1
with a Coulombic eﬃciency of 97.5% (Figure 8a). There is a
gradual increase in the ﬁrst several decades of cycles and then a
decrease subsequently after the capacity reaches 1980 mA h
g−1. The capacity ﬂuctuation could be ascribed to the reversible
formation of a gel-like layer or the activation-stabilization
process of Li-ion diﬀusion path as proposed in previous
reports.45 The extra capacity obsevered in the cycling test is a
common phenomenon when transition metal oxides are
applied as anode materials. Most of this extra capacity could
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anode capacity and reversibility was proceeded when increasing
the current density to 1 A g−1, and the Co3O4 anode can still
deliver a capacity of 1090 mA h g−1 and Coulombic eﬃciency
up to 99.5% even after a long cycle life of 400 times as depicted
in Figure 8c. In contrast with the result at a current density of
200 mA g−1, when prolonged the cycle life, there exists another
uphill after the ﬁrst ﬂuctuation around the 75th cycle, and the
capacity increases to 1350 mA h g−1 at the 200th cycle and then
decreases gradually with an average Coulombic eﬃciency of
99.1%. Similar results were presented before;45,48,49 however,
the mechanism is still unclear, and no convincing interpretations were given with more thorough research clearly needed.
In any case, the ultrathin Co3O4 with in-plane pores anode
materials shows an excellent electrochemical performance for
lithium storage which is a result of combined eﬀects of the
following four factors, as shown in Figure 9: (1) the ultrathin
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Figure 9. Schematic illustration of diﬀerent mechanisms contributing
to the excellet electrochemical performance of ultrathin Co3O4 porous
nanosheets for high-performanc Li-ion battery anodes.

structure with the large surface area can shorten diﬀusion paths
and provide substantial electrochemical reaction interface and
active sites for lithium ion transport; (2) the porous structure
can oﬀer more pathways for lithium ion diﬀusion and act as a
buﬀer zone for reducing the volume change during lithium ion
insertion/extraction processes; (3) the exposed high-index
{112} facets with high density of dangling bonds can provide
more avctive sites for Li+ insertion and drive the Li cations to
cluster; (4) the oxygen defects on the surface can serve as
nucleation sites to promote the phase transition during the
electro-redox process. When compared to the recent literature,
our Co3O4 porous nanosheet materials constitute one of the
best-performed Co-based anode materials to date (Table S1).
All of these results clearly indicate the excellent capacity and
high stable charge−discharge reversibility of the as-prepared
nanosheets.
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