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Abstract A dandelion-like mesoporous Co3O4 was fabricat-
ed and employed as anode materials of lithium ion batteries
(LIBs). The architecture and electrochemical performance of
dandelion-like mesoporous Co3O4 were investigated through
structure characterization and galvanostatic charge/discharge
test. The as-prepared dandelion-like mesoporous Co3O4

consisted of well-distributed nanoneedles (about 40 nm in
width and about 5 μm in length) with rich micropores.
Electrochemical experiments illustrated that the as-prepared
dandelion-like mesoporous Co3O4 as anode materials of
LIBs exhibited high reversible specific capacity of
1430.0 mA h g−1 and 1013.4 mA h g−1 at the current density
of 0.2 A g−1 for the first and 100th cycle, respectively. The
outstanding lithium storage properties of the as-prepared dan-
delion-like mesoporous Co3O4 might be attributed to its
dandelion-like mesoporous nanostructure together with an
open space between adjacent nanoneedle networks promoting
the intercalation/deintercalation of lithium ions and the charge
transfer on the electrode. The enhanced capacity as well as its
high-rate capability made the as-prepared dandelion-like
mesoporous Co3O4 to be a good candidate as a high-
performance anode material for LIBs.
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Introduction

Lithium ion batteries (LIBs) have attracted extensive interest
owing to its high energy density, long cycle life, slight mem-
ory effect, small volume, and environmental friendliness
[1–6]. In the past few years, lots of attempts were carried out
to explore various outstanding lithium ion storage
nanomaterials for meeting the need of portable electronic de-
vices, such as smartphone, laptop, smartwatch, etc. So far,
several anodematerials have been exploited, such as transition
metal oxides (TMOs) nanomaterials [7–11], carbon-based
nanomaterials [12–16], and various alloy nanomaterials
[17–21]. Among various TMOs, Co3O4 was a fascinating
LIBs’ anode material owing to its high theoretical specific
capacity (890 mA h g−1), low cost, abundance, and environ-
mental friendliness. Nevertheless, the extensive application of
Co3O4-based anodes was limited due to its huge volume ex-
pansion effect in the process of charge/discharge.

To solve the problem, an effective approach was to fabri-
cate mesoporous Co3O4-based nanomaterials as potential
electrode materials. Some unique mesoporous Co3O4-based
nanomaterials have been developed, such as flower ball-like
Co3O4 [14], dumbbell-like Co3O4 [22], flower-like Co3O4

[23], Co3O4 cubes [24], snowflake-like sheets [25], yolk-
shell Co3O4 microspheres [26], and bowknot-like Co3O4

[27]. The mesoporous Co3O4-based nanomaterials usually ex-
hibited good performance due to their large specific surface
area, a large number of holes effectively inhibiting the struc-
tural collapse and potential hazards caused by volume expan-
sion in the process of charge/discharge, and rapid mass trans-
fer between the electrolyte and the active material. For
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example, cluster-like Co3O4 delivered a high reversible capac-
ity of 1067 mA h g−1 at a current density of 0.1 A h g−1 after
100 cycles [28]. Mesoporous Co3O4 microdisks exhibited a
stable specific discharge/charge capacity of 765 and
749 mA h g−1 after 30 cycles at a current density of
0.1 A h g−1 [29]. Hydrotalcite-like Co3O4 released the initial
capacities of 756 mA h g−1 and remained 582 mA h g−1 at the
100th cycle under the current density of 0.8 A h g−1 [11]. The
results clearly indicated that the structure was crucial to im-
prove the performance of Co3O4-based anode materials.
Accordingly, the designation and synthesis of mesoporous
Co3O4-based nanomaterials owning special distribution of
pore and particle sizes were still very necessary for further
improvement of performance.

Herein, a new mesoporous dandelion-like Co3O4

nanomaterial was synthesized. The as-prepared dandelion-like
mesoporous Co3O4 consisted of well-distributed nanoneedles
which were about 50 nm in width and about 5 μm in length.
The nanoneedles were composed of small Co3O4 nanoparti-
cles, which formed many micropores. The opened porous fea-
ture enables full utilization of active materials and rich acces-
sibility of the electrolyte. The ultra-small and Co3O4

nanocrystals produced a large number of active sites.
Meanwhile, the interspaces among the Co3O4 nanoneedles
and among small Co3O4 nanocrystals provide extra and suffi-
cient space to further alleviate the volume expansion effect
during lithiation and delithiation. As a result, the as-prepared
Co3O4 mesoporous dandelion-like Co3O4 nanomaterial dem-
onstrates superior electrochemical performance of LIBs when
evaluated as anode materials.

Experimental

Materials

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, analytical
grade), ammonium fluoride (NH4F, analytical grade), and urea
(CO(NH2)2, analytical grade) were obtained from Aladdin
Industrial Corporation. Polyvinylidene fluoride (PVDF), car-
bon black, and ethanol were purchased from Guangdong
Xilong Chemical Reagent Factory (Guangzhou, China).
Metallic Li foil (0.6-mm thickness, 99.9%) was purchased
from Zhongneng Tianjin and copper foil (10-μm thickness)
came from Jiayuan Guangzhou Company (Guangzhou,
China). In this paper, Millipore-Q System (18.2 MΩ cm)
was used to prepare ultra-pure water. In addition, all chemical
reagents used in this work were without further purification.

Preparation of the mesoporous dandelion-like Co3O4

The mesoporous dandelion-like Co3O4 nanomaterial was syn-
thesized via hydrothermal method followed by calcination at

400 °C in air. Firstly, 1-mmol Co (NO3)2·6H2O, 2-mmol
NH4F, and 5-mmol urea were added into 70-mL ultra-pure
water in sequence with magnetic stirring for 30 min. Then,
the mixture was transferred to a 100-mLTeflon-lined stainless
autoclave. The autoclave was sealed and maintained at 110 °C
in an electric oven for 5 h. Once the reaction was completed,
the autoclave was allowed to cool down to room temperature.
The obtained precursor was then washed for several times
using distilled water followed by ethanol and further dried at
80 °C in vacuum for 8 h. Finally, the dandelion-like Co3O4

nanomaterials were obtained by placing the precursor to a tube
furnace and heated up to 400 °C at the ramping rate of 10 °C
/min and held for 2 h under air atmosphere.

Characterization

Scanning electron microscopy (SEM) images were obtained
with a Hitachi S3400N at an accelerating voltage of 20 kV
equipped with an energy dispersive spectrometer (EDS). X-
ray powder diffraction (XRD) data were taken by a Bruker D8
Advanced X-ray powder diffractometer using Cu Kα radia-
tion. Thermogravimetric analysis was performed on Perkin-
Elmer Pyris Diamond thermogravimetric/differential thermal
analysis (TG/DTA) instrument with a heating rate of
10 °C min−1. Fourier transform infrared spectroscopy (FT-
IR) was conducted on a Nicolet 6700 FTIRATR spectrometer.
Raman spectra were recorded on a LabRAM HR (Horiba
Jobin Yvon) with a 633-nm laser. N2 adsorption/desorption
isotherms were measured at −196 °C, using a BELSORP-
mini II instrument. Before the measurement, the samples were
degassed for 3 h under vacuum at 150 °C. The surface area,
pore volume, and pore size distribution of the samples were
estimated based on N2 adsorption/desorption isotherm.
Transmission electron microscopy (TEM) images were ob-
tained through the instrument of JEOL JEM-2100 micro-
scopes which were conducted at an acceleration voltage of
200 kV.

Electrochemical measurements

The working electrode was derived from homogeneous slurry
including active material, acetylene black and PVDF with
weight ratio about 8:1:1. The slurry was dispersed evenly on
copper foil which plays the role as a current collector. Then, it
was dried under 60 °C in a vacuum oven for all night. The
active material loading on the copper foil was approximately
0.95mg cm−2. The separator was a Celgard 2300microporous
polypropylene film. The full cell was assembled in an argon-
filled glove box. The electrolyte was composed of 1.0-M
LiPF6, ethylene carbonate, diethyl carbonate, and dimethyl
carbonate. Finally, galvanostatic charge/discharge was cycled
at potential range from 3.0 to 0.01 V versus Li/Li+. Cyclic
voltammograms (CVs) and electrochemical impedance

1596 Ionics (2018) 24:1595–1602



spectroscopy (EIS) were determined by a CHI 760E electro-
chemical workstation which comes from CH Instruments in
Shanghai. Li metal acted as the counter and reference elec-
trode and the target materials acted as the working electrode.
The electrochemical discharge/charge performance and rate
performance testing were carried out on a Neware BTS test
system (Shenzhen, China) at voltage range from 3.0 to 0.01 V
versus Li/Li+.

Results and discussion

Figure S1 (Supporting Information) showed the TG/DTA
curves of the precursor powder, with a heating rate of
10 °C min−1 in air. Firstly, the thermal decomposition of the
residual molecules in the pores caused the weight loss of
4.3 wt% at about 200 °C. With the increase of temperature,
there was a marked weight loss of 21.6 wt% due to the pre-
cursor being transformed into Co3O4 between 220 and
380 °C. And there was a corresponding endothermic peak at
the DTA curve. No obvious weight losses for the precursor
were found after 400 °C, suggesting the complete conversion
from the precursor to Co3O4. In order to obtain the final
Co3O4 material with relatively high purity and crystalline,
400 °C was chosen as the suitable calcined temperature.

The element composition of Co3O4 was determined by
EDS analysis as shown in Fig. 1a. Only peaks related to Co
and O elements were found and no other peaks appeared. The
atomic ratio of Co to O in the sample was 44.31:55.69,
confirming the formation of Co3O4 with high purity.
Meanwhile, the characterization of XRD, FT-IR, and Raman
spectroscopy was also carried out. For the XRD pattern (Fig.
1b), the diffraction peaks at 19.0°, 31.3°, 36.8°, 38.6°, 44.8°,
55.7°, 59.4°, and 65.3° could be denoted as the 111, 220, 311,
222, 400, 422, 511, and 440 lattice planes of spinel Co3O4

oxide (JCPDS#42-1467) [30, 31, 34, 36], respectively. The
FT-IR spectra of Co3O4 displayed two sharp bands at 571.16
and 664.68 cm−1 originating from the stretching vibration of
the metal-oxygen bonds (v(Co–O)) in the spinel lattice as
shown in Fig. 1c. The bands centered at 1633.12 and
3475.27 cm−1 were assigned to the hydroxyl group (−OH)
stretching and bending modes of water [32]. Raman spectrum
of as-prepared Co3O4 was obtained to complement the FT-IR
characterization. As shown in Fig. 1d, the typical Raman
peaks exhibited several peaks at 188, 462, 506, 608, and
663 cm−1 which were characteristics of cubic spinel Co3O4

[14, 31, 33].
The morphology of the as-fabricated precursor was charac-

terized by SEM (Fig. 2a, b). It can be observed that the pre-
cursor looked like dandelion and consisted of numerous irreg-
ular nanoneedles with length ranging from 2 to 10 μm and
diameter ranging from 30 to 50 nm. The morphology of the
as-prepared Co3O4 was consistent with that of the precursor as

shown in Fig. 2c, d. The dandelion-like structure of the as-
prepared Co3O4 showed some open space between adjacent
nanoneedles, which would contribute to the diffusion of elec-
trolyte, alleviating volume expansion effect and enhancing the
rate performance.

Figure 3a, b showed the TEM images of the as-prepared
dandelion-like Co3O4, revealing the details of morphology
directly. The TEM images confirmed that the nanoneedles
were consisted of lots of small spherical nanoparticles with
20 nm in diameter. Figure 3a, b also revealed manymesopores
among the small Co3O4 nanoparticles. Figure 3c was the
HRTEM image of the Co3O4 which showed distinct lattice
fringes with interplanar spacings of 0.466, 0.286, 0.243,
0.233, and 0.202 nm, corresponding to the 111, 220, 311,
222, and 400 crystal planes of Co3O4, respectively [1, 24,
35, 36]. The HRTEM image matched well with the standard
PDF pattern (JCPDS#42-1467). Meanwhile, the resulted
Co3O4 had the properties of a polycrystalline phase as shown
by selected area electron diffraction (SAED) in Fig. 3d. The
result confirmed that the porous dandelion-like Co3O4 was a
polycrystal consisting of single-crystal nanoparticles.

To further analyze the porous structure of the dandelion-
like Co3O4, the pore size distribution and specific surface area
were measured using BJH and BET methods, respectively. As
shown in Fig. 4, the dandelion-like Co3O4 displayed a narrow
pore size distribution, which was mainly concentrated in the
range of 1.00 to 30.00 nm with an average pore diameter of
20.29 nm.Meanwhile, the specific surface area was calculated
to be about 27.6 m2 g−1, according to the information obtained
by nitrogen adsorption/desorption isotherm curve which was
attributed to the type IV isotherm with a H4 hysteresis loop.
The pore size distribution and specific surface area testified
that the dandelion-like Co3O4 was a typical mesoporous struc-
ture which endowed the dandelion-like Co3O4 some superior-
ity for lithium storage and diffusion, as well as enough space
to accommodate large volume expansion during cycling.

The cycling and rate performances of the dandelion-like
Co3O4 material were investigated as shown in Fig. 5. The
1st, 2nd, and 100th discharge and charge profiles of the meso-
porous dandelion-like Co3O4 anode in the voltage range of
0.01–3.00 V (vs. Li+/Li) at 0.2 A g−1 were carried out in
Fig. 5a. There were two typical discharge plateaus at about
1.3 V (short plateau) and 1.1 V (long plateau) because of the
decomposition of Co3O4 into Co

0 and the formation of a solid
electrolyte interface (SEI) film, respectively [27]. As could be
observed, the discharge capacities of 1st of 1427.9 mA h g−1,
2nd of 1025.5 mA h g−1, and 100th of 1013.4 mA h g−1 were
all higher than the theoretical capacity of Co3O4

(890 mA h g−1).
The electrochemical discharge/charge cycling testing of

dandelion-like Co3O4 at the current density of 0.2 A g−1 for
100 cycles were exhibited in Fig. 5b. Results showed that the
initial discharge/charge capacities of dandelion-like Co3O4
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were 1430.0 and 983.7 mA h g−1 with an initial coulombic
efficiency of 71% and the following capacities tended towards
increase until the 20th cycle leading to a stable capacity of
1032 mAh g−1. Significantly, beyond the 1st cycle which
showed a relatively low coulombic efficiency, the coulombic
efficiencies for the subsequent cycles were generally main-
tained above 98%. After 100 cycles, a high charge specific
capacity of 1013.4 mA h g−1 at 0.2 A g−1 with great capacity
retention could also be observed. The extra capacity might
result from the dandelion-like structure of the Co3O4 with

open space between adjacent mesoporous nanoneedles and
among small Co3O4 nanoparticles.

The rate performance of mesoporous dandelion-like Co3O4

was measured at various current densities from 0.2 to 5 A g−1

as shown in Fig. 5c. The capacity of mesoporous dandelion-
like Co3O4 suffered a reduction with the increase of the cur-
rent density. The mesoporous dandelion-like Co3O4 released
the average specific capacity of 310 mA h g−1 at the high
current density of 5 A g−1, and it recovered to the capacity
of 984.3 mA h g−1 when the current density returned to

Fig. 1 a EDS curve, b XRD
pattern, c FTIR spectra, and d
Raman spectra of mesoporous
dandelion-like Co3O4

Fig. 2 a, b SEM images of the
precursor. c, d SEM images of
mesoporous dandelion-like
Co3O4 at different magnifications
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0.2 A g−1, implying that the capacity of the mesoporous
dandelion-like Co3O4 had good recoverability. It was note-
worthy that the charge capacity was still higher than the the-
oretical capacity.

Figure 5d exhibited the typical CV curves of mesoporous
dandelion-like Co3O4 at the scan rate of 0.1 mV s−1 between
the potential windows from 0.01 to 3.0 V. In the first cycle, the
cathodic peak at 0.83 V was attributed to the electrochemical
reduction of Co3O4 to metallic Co accompanying with the
formation of amorphous Li2O, the decomposition of electro-
lyte, and the formation of solid electrolyte interface (SEI) film
[34, 35]. In the subsequent anodic process, there was a

significant peak around 2.08 V which might represent the
formation of Co3O4 and the decomposition of amorphous
Li2O. In the second cycle, there were two reduction peaks at
0.95 and 1.11 V, possibly originated from the complex multi-
step reaction behavior of Co3+/Co2+/Co0 [35, 36]. At the same
time, an oxidation peak could be observed at 2.13 V, arising
from the reversible oxidation reaction of Co to Co3O4 [36].
Subsequently, the curves almost overlapped very well with
other curves, which indicated that the mesoporous
dandelion-like Co3O4 had good stability and superior revers-
ibility as the anode material for LIBs, especially in cycling
stability.

Fig. 3 a, b TEM images of the
mesoporous dandelion-like
Co3O4. c, d HRTEM image and
SAED patterns of mesoporous
dandelion-like Co3O4

Fig. 4 a Pore size distribution
and b nitrogen adsorption/
desorption isotherm of
mesoporous dandelion-like
Co3O4
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To better understand the electrical conductivity and the
charge transfer efficiency of the mesoporous dandelion-
like Co3O4, EIS analysis was carried out before the first
cycle and after the 100th cycles at a fully charged state. As
shown in Fig. S2 (Supporting Information), the Nyquist
impedance plots of Co3O4 were composed of a depressed
semicircle in the high-frequency region and a sloping
straight line in the low-frequency region. The former
corresponded to the charge transfer resistance between
electrode and electrolyte. The latter was assigned to the
lithium diffusion resistance relating to the diffusion of lith-
ium ions in the electrode [37]. Apparently, the battery dem-
onstrated a larger diameter semicircle after 100 cycles,
compared with the initial one, which was due to the charge
transfer resistance increases.

In order to compare the performance of different Co-based
anode materials, the electrochemical performance of several
Co-based electrode materials and the as-prepared material was
listed in Table 1. As shown in Table 1, the mesoporous
dandelion-like Co3O4 electrode provided relatively higher ca-
pacity and enhanced cycling stability comparing with previ-
ously reported Co3O4-based anode materials.

In a word, Co3O4 with mesoporous dandelion-like struc-
ture as the anode material exhibited higher capacity and supe-
rior cycling stability. The possible reason for the improved
electrochemical performances could be explained as follows.
Firstly, the porous morphology with a high specific surface
area was beneficial for shortening the diffusion lengths of
lithium ions and providing more active sites. It makes the
contact easier between the electrolyte and the active material.

Fig. 5 a The 1st, 2nd, and 100th
cycles charge and discharge
profiles of the mesoporous
dandelion-like Co3O4 electrode at
0.2 A g−1 between 0.01 to 3.0 V. b
Cycling performance of
mesoporous dandelion-like
Co3O4 at 0.2 A g−1. c Rate
capacities of mesoporous
dandelion-like Co3O4. d CV
curves of mesoporous dandelion-
like Co3O4 electrode for the first
3 cycles, with a 0.1 mV s−1 scan
rate in the range of 0.01 to 3.0 V

Table 1 Comparison of the
electrochemical performance of
various Co3O4-based anode
materials for LIBs

Active material Current density mA g−1 Initial coulombic
efficiency %

Nth mA h g−1 References

Co3O4 nanosheets 100 77.5 1067 (100) [28]

Co3O4 microdisks 100 75.2 765 (30) [29]

Co3O4 cuboids 100 51 886 (60) [34]

rGO@Co3O4 100 70 974 (100) [35]

Co3O4/C 200 74 928 (100) [38]

Co3O4@TiO2 CSNFs 180 69 632 (100) [39]

Co3O4 100 74.4 683 (80) [40]

Dandelion-like Co3O4 200 71 1013 (100) This work

1600 Ionics (2018) 24:1595–1602



Secondly, the firm structure was very important to maintain a
stable electrochemical performance. The dandelion-like
Co3O4 material consisting of the special mesoporous structure
could effectively decrease the agglomeration of nanoparticles
and substantially alleviate the volume change during the
whole charge/discharge process.

Conclusions

In summary, the mesoporous dandelion-like Co3O4 material
was synthesized via a facile hydrothermal method followed by
calcination at 400 °C in air. The dandelion-like Co3O4 mate-
rial consisted of numerous nanoneedles which were composed
of small nanoparticles, and strongly inherited the morphology
of the precursor. The electrode material exhibited a higher first
reversible charge capacity of 1430.0 mA h g−1. Meanwhile, a
super charge specific capacity of 1013.4 mA h g−1 was also
observed after 100 cycles at 0.2 A g−1. Moreover, the material
also exhibited a satisfactory rate performance. The simplicity
of the preparation method and the super electrochemical prop-
erties make the mesoporous dandelion-like Co3O4 material a
candidate for the next generation of anode materials for LIBs.
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