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1 Introduction

ABSTRACT

In this work, we rationally design a high-capacity electrode based on three-
dimensional (3D) hierarchical Co;O, flower-like architectures with a mesocrystal
nanostructure. The specific combination of the micro-sized 3D hierarchical
architecture and the mesocrystal structure with a high porosity and single
crystal-like nature can address the capacity fading and cycling stability
as presented in many conversion electrodes for lithium-ion batteries. The
hierarchical 3D flower-like Co;0, architecture accommodates the volume
change and mitigates mechanical stress during the lithiation—-delithiation
processes, and the mesocrystal structure provides extra lithium-ion storage and
electron/ion transport paths. The achieved hierarchical 3D Co;O, flower-like
architectures with a mesocrystal nanostructure exhibit a high reversible capacity
of 920 mA-h-g™ after 800 cycles at 1.12 C (1 C = 890 mA-h-g™), improved rate
performance, and cycling stability. The finding in this work offers a new
perspective for designing advanced and long-lived lithium-ion batteries.

as full electric vehicles, current commercial lithium-ion
batteries that use a graphitic carbon anode are unable

Currently, lithium-ion batteries are widely used as
power sources for portable electronic devices and are
generally regarded as one of the most promising
power sources for electric vehicles [1, 2]. However, with
the rapid development and popularization of charge-
sustaining and plug-in hybrid electric vehicles as well
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to satisfy the high power and energy storage capacity
demands because of their relatively low energy
density and specific capacity. Thus, exploring novel
anode materials with higher capacities, power capa-
bilities, and cycle performances is crucial to meet the
demands of future energy storage devices, such as
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next-generation electric vehicles [3-7].

A higher capacity, power capability, and cycle
performance of the anode materials can be achieved
for lithium-ion batteries by reducing the size of
the electrode materials to the nanoscale regime or by
fabricating hierarchical electrode materials with
unique features, such as nano [8, 9], porous [7, 10],
and mesocrystal [11-13] structures. Indeed, the elec-
trochemical performances of lithium-ion batteries can
be significantly improved by using electrodes fabricated
with nanostructured materials, such as nanoparticles
[14, 15], nanorods [16], nanowires [5, 17, 18], nanofibers
[19], nanotubes [20, 21], nanosheets [22], and nano-
spheres [23], because nanostructured electrode materials
can shorten the lithium-ion diffusion pathway, effectively
relax the inner lattice stress, and reduce electrode
exfoliation. However, the high surface area of nano-
scale materials inherently forms a large quantity of
solid-electrolyte interface (SEI) layers on the surface
of the electrode with decomposition of the liquid
electrolyte during cycling, while excessive SEI layers
can consume electrolytes and lithium ions, leading
to severe capacity fading [24]. One of the efficient
strategies for solving this issue is to fabricate
hierarchical electrode materials with nanostructured
and/or mesocrystal structures [25-28].

In recent years, many articles have demonstrated
that three-dimensional (3D) hierarchical architectures
assembled by nanostructured building blocks can
remarkably enhance the electrochemical performance
of lithium-ion batteries [25-28]. The enhanced
electrochemical performances are attributed to the
following advantages: (1) 3D hierarchical electrode
materials assembled by nanostructured building blocks
can efficiently inhibit self-aggregation of electrode
materials, maintaining large surface areas for efficient
contact with the electrolyte. (2) 3D hierarchical electrode
materials can effectively buffer the volume expansion
and mitigate mechanical stress of the electrode during
charge—discharge cycling, improving the structural
stability of the electrode, and enhancing its capacity
and cycle performance.

Beyond improving the electrochemical performances
using hierarchical electrode materials with nano-
structured building blocks, hierarchical electrode
materials with mesocrystal structures can also
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significantly enhance the electrochemical performances
of lithium-ion batteries [11-13]. Mesocrystals are
oriented nanoparticle superstructures assembled by
individual nanocrystals with common crystallographic
orientations, and they generally possess intrinsic
features, such as a large and rough surface area, high
porosity, single-crystal-like structure, and micrometer
size. These intrinsic features mean that mesocrystals
are an intriguing and promising anode material
for high-performance lithium-ion batteries. The large
surface area of the mesocrystals ensures that they
effectively contact with the electrolyte, enhancing the
capacity. The high porosity of the mesocrystal provides
extra space for lithium-ion storage and buffers
the electrode volume expansion caused by lithium
insertion/extraction, maintaining the structural stability
of the electrode and improving the cycling performance
and capacity. The single-crystal-like structure of the
mesocrystals permits them to effectively eliminate
grain boundaries at the interface with adjacent nano-
particles, providing much better charge transport and
ultimately improving the electrochemical performances.
The micrometer size of the mesocrystals prevents
self-aggregation of electrode materials, buffers the
volume expansion, and mitigates the mechanical stress
of the electrode, improving the capacity and cycle
performance.

In addition to designing and fabricating hierarchical
electrode materials with unique features, another
crucial strategy to enhance the electrochemical per-
formances of lithium-ion batteries is to explore electrode
materials with a high theoretical capacity and power
capability. Recently, several 3d transition-metal oxides,
such as Co;0,, NiO, Fe;O, and CuO, have been pro-
posed as promising alternative anode materials because
they show remarkably higher theoretical capacities
(~500-1,000 mA-h-g™") than those of commercialized
graphite anode materials [29]. Among the 3d transition-
metal oxides, Co;O, is one of the most promising
anode material for lithium-ion batteries because of its
high theoretical specific capacity (~ 890 mA-h-g™) and
high abundance [30-38]. The specific capacity of Co;O,
is more than two times higher than the value of
commercialized graphite (~ 372 mA-h-g™); thus, Co;0,
anodes are anticipated to meet the demands of
future energy storage devices. However, like other 3d
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transition-metal oxides, the lithium storage of the Co,O,
anode is fulfilled by a reversible conversion reaction
mechanism, which leads to volume expansion during
the lithium-ion insertion/extraction process and results
in capacity fading and a poor cyclability. Based on
the advantages of 3D hierarchical architectures,
mesocrystals, and nanostructures in lithium-ion batteries,
the use of 3D hierarchical Co;O, anode materials
with a mesocrystal nanostructure is expected to be a
promising and effective strategy to solve these issues.

Herein, we rationally design a high-capacity electrode
based on 3D hierarchical Co;O, flower-like architectures
with a mesocrystal nanostructure. In this electrode,
the nanostructure shortens the lithium-ion diffusion
pathway and effectively relaxes the inner lattice stress;
meanwhile, the mesocrystal structure provides extra
space for lithium-ion storage, buffers the electrode
volume expansion, and provides good electron con-
duction because of its high porosity and single-
crystal-like nature. The 3D hierarchical architecture
provides large surface areas, abundant active sites,
and structural stability.

2 Experimental

21 Synthesis of the 3D hierarchical electrode
material

The hierarchical 3D Co;0, flowers with a mesocrystal
nanostructure were synthesized using a facile two-step
method. Specially, a surfactant-free hydrothermal
method was employed to synthesize 3D a-Co(OH),
flowers. CoCly6H,O (0.2 mmol), NaCl (1.0 mmol),
hexamethylenetetramine (1.2 mmol), and absolute
ethanol (2 mL) were dissolved in deionized water
(180 mL) and stirred for 20 min. Subsequently, the
solution was sealed in a 250-mL Teflon-lined autoclave
and kept at 90 °C for 1 h. Then, the reaction solution
was cooled to room temperature. The green precipitate
was collected and washed several times with distilled
water, centrifuged, and then dried at room temperature
in air. Next, the as-prepared 3D a-Co(OH), flowers
were annealed at 400 °C for 2h and converted to
hierarchical 3D Co;0, flowers. After the heat-treated
reaction was completed and the hierarchical 3D
Co;0, flowers were cooled to room temperature, and
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the black powders were collected for subsequent
experiments.

2.2 Characterization

X-ray diffraction (XRD) was carried out using a
Rigaku (Japan) D/max yA X-ray diffractometer (Cu
Ka radiation, A = 1.54178 A) at room temperature.
The morphology and structural features of the
materials were investigated using a field-emission
scanning electron microscope (Hitachi 5-4800) with
an energy-dispersive spectrometer and transmission
electron microscope (JEOL-2100) operated at 200 keV.
The specific surface area of the hierarchical 3D Co;0,
flowers was calculated using the Brunauer-Emmett—
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods
by adsorption and desorption of nitrogen at —209 °C
using a JW-BK122F instrument.

2.3 Cell preparation and electrochemical performance
measurements

To prepare working electrodes, the powders of
70 wt.% Co;0, active materials, 20 wt.% acetylene
black, and 10 wt.% polyvinylidene difluoride binder
were mixed completely and then coated onto a copper
foil. The electrodes were dried at 80 ‘C in vacuum
for 24 h. Electrochemical performances were evaluated
using two-electrode CR 2032 coin-type cells with Co;O,
active materials as the working electrode, lithium foil
as the counter electrode, and a Celgard 2400 membrane
as the separator. The electrolyte was 1M LiPFq
dissolved in a 1:1:1 mixture (v/v) of ethylene carbonate,
ethyl methyl carbonate, and dimethyl carbonate. The
coin cells were assembled in an argon-filled glove
box with oxygen and moisture contents below 1 ppm.
Cyclic voltammetry (CV) tests were performed on
a CHI 760c electrochemical workstation at room
temperature. Galvanostatic charge-discharge mea-
surements were carried out using a battery testing
system (Land CT2001A) at room temperature.

3 Results and discussion

The 3D hierarchical Co;O, flower-like architectures
were synthesized by a two-step method. They were
first synthesized by a surfactant-free low-temperature
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chemical method. Second, the 3D hierarchical Co;O,
flower-like architectures were prepared by annealing
the as-prepared 3D hierarchical Co(OH), flowers. The
morphologies of the 3D hierarchical Co;O, flower-like
architectures were evaluated using scanning electron
microscopy (SEM). In Fig. 1(a), 3D hierarchical Co;O,
flower-like architectures with an average diameter of
about 3.5 um were achieved. The enlarged SEM images
(Fig. 1(b)) demonstrate that the 3D hierarchical Co,;O,
flower-like architectures are assembled by nanoplates
with thicknesses of several tens of nanometers.
Figures 1(c) and 1(d) show an SEM image of a single
3D Co;0; flower-like architecture and its corresponding
enlarged SEM image, respectively. Similarly, the
architecture is assembled by nanoplates. The enlarged
SEM image of Fig. 1(d) demonstrates that the nano-
plates with large porosities consist of nanoparticles.
The structural features of the 3D hierarchical Co;O,
flower-like architectures were investigated by trans-
mission electron microscopy (TEM), high-resolution
TEM (HRTEM), and selected area electron diffraction
(SAED). The TEM image (Fig. 2(a)) clearly demonstrates
that the nanoplates are assembled to construct a 3D
hierarchical Co;O, flower-like architecture with many
pores. The corresponding enlarged TEM image in
Fig. 2(b) shows that the size distribution of these
pores ranges from several to tens of nanometers. In
Fig. 2(c), the HRTEM image displays obvious lattice

Figure 1 (a) and (b) SEM and corresponding enlarged SEM
images of the hierarchical 3D Co3;0, flower-like architectures.
(c) SEM image of a single 3D Co;0, flower-like architecture and
(d) its corresponding enlarged SEM image.
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Figure 2 (a) TEM and (b) enlarged TEM images of the materials.
(c) HRTEM image and (d) the diffraction profile obtained from the
SAED pattern (inset).

fringes with a 0.28-nm lattice spacing, which can be
indexed to the (220) crystal planes of spinel crystallite
Co;30, along the [111] zone. The crystal phase of the
3D hierarchical Co;0, architectures was investigated
using the diffraction profile obtained from the SAED
pattern (the inset in Fig. 2(d)). The diffraction profile
in Fig.2(d) shows characteristic diffraction peaks
of the spinel Co;O, crystallite (JCPDS 43-1003). The
crystallization feature of the nanoplates is further
evaluated by SAED. Spots with a hexagonal distri-
bution of the SAED pattern (the inset in Fig. 2(d))
demonstrate that the nanoplates have single-crystal
characteristics. Thus, the HRTEM and SAED results
show that although the nanoplates that are assembled
to construct 3D hierarchical Co;O, architectures
exhibit a remarkably porous structure, these nanoplates
still present a single-crystal-like structure, which is
consistent with the mesocrystal characteristic of crystals
reported in the literature [39].

The composition and crystal phase of the prepared
3D hierarchical Co;0, flower-like architectures were
further studied using XRD. Figure 3 shows the XRD
pattern of the obtained architectures. Nine diffraction
peaks in the XRD pattern are easily indexed to the
(220), (311), (222), (400), (422), (511), (440), (620), and
(533) planes of spinel Co;O, (JCPDS 43-1003). No
diffraction peaks from hydroxides or other cobalt
oxides are detected, showing that pure Co;O,
architectures are successfully synthesized. The XRD
result for the composition and crystal phase studies
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Figure 3 The XRD patterns of the hierarchical 3D Co3;04
architectures.

of the Co;O, flower-like architectures is in good
agreement with the study of the diffraction profile
obtained from the SAED pattern.

BET surface areas and BJH pore size distributions
of the 3D hierarchical Co;O, flower-like architectures
with a mesocrystal nanostructure were evaluated
from their nitrogen adsorption/desorption isotherms
at 77 K. In Fig. 4, the nitrogen adsorption/desorption
isotherms of the 3D hierarchical Co;O, architectures
exhibit a typical type-IV isotherm with a hysteresis
loop, demonstrating the mesoporous nature of the
3D hierarchical Co;0, flower-like architectures. The
calculated specific BET surface area is 112.8 m*g™
with a total pore volume of 0.37 cm®g™. The inset in
Fig. 4 shows the distribution curve for the pore size,
showing an almost monomodal pore size distribution.
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Figure 4 (a) N, adsorption/desorption isotherms and (b) the corres-
ponding pore size distribution of the as-achieved hierarchical 3D
Co;0, flower-like architectures.
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The average pore size calculated by the BJH method
is 3.8 nm.

The electrochemical properties of the electrodes
made from our hierarchical 3D Co;0, architectures
with a mesocrystal nanostructure are first evaluated
by CV measurements. In Fig. 5(a), the first cycle
displays a strong peak at ~0.86 V, shoulder peak at
1.0V, and weak peak at ~1.25 V in the discharge process.
The shoulder cathodic peak can be ascribed to the
initial reduction of Co;0, to CoO with the generation
of Li,O [12, 29-31]. This can be confirmed by the ~1.3 V
plateau in the first discharge curve, as presented in
Fig. 5(b). The cathodic peaks at ~0.86 and ~1.20 V are
attributed to further reduction of CoO to metallic Co
accompanied by the generation of Li,O and an SEI
layer [12, 29-31]. This can also be confirmed by the
~ 1.0V plateau in the first discharge curve (Fig. 5(b)).
In the first charge process, a broad anodic peak centered
at ~ 2.2 V is attributed to the reversible oxidation of Co
to Co;0, with the decomposition of Li,O [12, 29-31].
In the following second and third cycles, the cathodic
peak shifts to ~1.15 V. The intensity of the cathodic
peak decreases significantly, which is caused by the
irreversible reaction accompanying the generation
of the irreversible SEI layer in the first cycle [40]. In
addition, the anodic peat at ~2.2 V shows a slight
change, and the intensity of the anodic peaks and the
integrated areas of the second and third cycles are
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Figure 5 (a) CVs of the 1%, 2", and 3™ cycles in the voltage
range of 0.01-3.00 V. (b) Galvanostatic charge/discharge curves
of the 1%, 2™ 3™ 50" and 100" cycles at the same rate of 50 mA-g .
(¢) Cycle performance at a current density of 50 mA-g .
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almost the same, indicating the good cycle stability
and gradual improvement of the electrochemical
reversibility for hierarchical 3D Co;0, flower-like
architectures after the first cycle. Thus, the total
electrochemical reaction mechanism of Co;O, can
be given as follows

Co;0, + 8Li" + 8¢ «» 4Li,O + 3Co (1)

The battery performances of the electrodes made
from hierarchical 3D Co;0, flower-like architectures
with a mesocrystal nanostructure are further studied
by galvanostatic charge-discharge cycling under a
current density of 50 mA-g™, as shown in Fig. 5(b). In
the first discharge curve, a short voltage plateau at
~1.3V and a long one at ~1.0 V correspond to the
initial reduction of Co;0, to CoO and then to metallic
Co, respectively [12, 29-31], which is consistent with
the above CV results. The electrode exhibits an initial
discharge capacity of ~ 1,152 mA-h-g™ in the first cycle;
then, the discharge capacity decreases to ~909 and
936 mA-h-g! in the second and third cycles, respectively.
Then, the discharge capacity gradually increases to
1,405 and 1,550 mA-h-g™ in the 50" and 100" cycles,
respectively. Initially, the charge capacities during
the second and third cycles also display gradual
increases, as presented in the charge curves (Fig. 5(b)).
The gradual capacity increase of our electrodes is
partially attributed to the formation of a polymeric
layer during electrolyte decomposition [33, 41, 42].

The superior battery performance of the electrodes
built with our hierarchical 3D Co;0O, architectures is
also confirmed based on their discharge—charge cycling
performances. Figure 5(c) shows a discharge—charge
profile and capacity retention over 100 cycles, which
was evaluated at a current density of 50 mA-g™ in the
voltage range of 0.01 to 3.0 V at room temperature.
It clearly demonstrates that the capacity increases
gradually after the second cycle. Meanwhile, the
electrode made using the hierarchical 3D Co;0,
architecture displays a superior capacity retention with
a prolonged cycling and its Coulombic efficiency
is maintained at ~95.6%. Remarkably, at the end of
100 cycles, the discharge capacity of the electrode
reaches ~ 1,588 mA-h-g™, which is much higher than
the value for mesoporous hexagonal Co;O, [34]. The
results clearly demonstrate the superior capacity and
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cycle life of our pure hierarchical 3D Co,O, flower-like
architectures. The excellent battery performance of
the hierarchical 3D Co;0, flower-like architecture is
possibly attributed to its unique architecture with a
hierarchical morphology, mesocrystal nanostructure
(which can alleviate the mechanical stress caused by
the volume change while prolonging charge—-discharge
cycling and provide extra space for lithium-ion storage),
abundant active sites, and good electron conduction.
The rate capability of the electrodes further
demonstrates the superior electrochemical properties
of the hierarchical 3D Co;0, flower-like architectures.
Figure 6(a) shows a discharge-charge profile and
capacity retention over 800 cycles at a high current
rate of 1 A-g™* (1.12 C, 1 C=890 mA-h-g?, the theoretical
capacity of Co;O;). The discharge—charge profile exhibits
a drastic capacity fading, which decreases from 918
(at the second cycle) to 199 mA-h-g™ (at the 80™ cycle),
even though the hierarchical 3D Co;0, flower-like
architectures have a mesocrystal nanostructure. The
tremendous capacity fading is possibly caused by
formation of an unstable SEI layer, which is frequently
observed in conversion-based 3d transition-metal
oxide lithium-ion storage anode materials. However,
the capacity of the electrode increases monotonically
during the following cycles after fading to the lowest
value at the 80™ cycle. The increased capacity is
attributed to continuous high-rate lithiation and
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the formation of a partially polymeric layer during
electrolyte decomposition [3, 33, 41, 42]. At 1.12 C, the
capacity reaches 930 mA-h-g™ during the 500" cycle,
which is more than a 467% recovery from the lowest
capacity value. Furthermore, a high capacity of
920 mA-h-g™ is achieved after 800 cycles at 1.12 C. The
remarkably improved capacity represents more than
a 240% improvement to the theoretical capacity of the
commercialized graphite anode (~ 372 mA-h-g™).

The electrode built with our hierarchical 3D Co;0,
flower-like architectures with a mesocrystal nano-
structure also displays a significantly enhanced rate
capability. Figure 6(b) shows the rate capability of the
hierarchical 3D Co;0, flowers, which was evaluated
at various rates from 0.1 A-g (0.11 C) to 5 A-g™* (5.62 C).
The rate cycling performance demonstrates that the
electrode can deliver a specific capacity of 1,007 mA-h-g™
at 0.1 A-g™(0.11 C), 998 mA-h-g™" at 0.5 A-g™ (0.56 C),
871 mA-h-g'atl A-g? (1.12C), 695 mAh-g' at 2.5 A-g™
(2.81 C), and 478 mA-h-g* at 5A-g* (5.62 C). More
importantly, the electrode can deliver a reversible
capacity to its initial capacity of 1,144 mA-h-g™ at
0.1 A-g™ (0.11 C) after once successive sequence test.
Furthermore, in the range of 0.1 A-g™ (0.11C) to
5A-g (5.62 C), the rate capability of the hierarchical
3D Co;0, architectures is much better than that of
the reported results [33]. The rate performance of the
electrode constructed with the hierarchical 3D Co;0,
architectures is excellent. Thus, this finding reveals
that the hierarchical 3D Co;0, flower-like architectures
exhibit a stable structural integrity and good charge
transfer kinetics during the lithium-ion insertion/
de-insertion. In addition, the hierarchical 3D Co;0,
flower-like architectures with a mesocrystal nano-
structure show a good electrochemical performance
as promising metal oxide candidates for anode
materials.

The reaction kinetics of the hierarchical 3D Co;0,
flower-like architectures was investigated using electro-
chemical impedance spectroscopy in a frequency
range from 100 kHz to 0.1 Hz, as shown in Fig. 7.
The Nyquist plot of both cycles exhibits depressed
semicircles in the high and medium frequency ranges
followed by inclined lines in the low frequency range.
The inset in Fig.7 presents the equivalent electrical
circuit, where Rq, is the solution resistance, R is the
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Figure 7 The impedance spectra of the hierarchical 3D Co3;0,
flower-like electrode during the 1 cycle and after 20 cycles.

charge-transfer resistance at the interface between the
electrolyte and electrode, C; is the double layer
capacitance, and Z,, is the Warburg impedance. R is
associated with the diameter of the semicircle. The
values of R for the 20™ and 1* cycles are 82 and 253 ),
respectively. The lower R at the 20" cycle means
that an enhanced ion transfer property is achieved.
Furthermore, the Nyquist curve of the 20" cycle
exhibits a more vertical Warburg slope than that of
the 1% cycle, revealing an excellent ion conductivity
for the hierarchical 3D Co;0, flower-like electrode.

The structural stability of the hierarchical 3D Co;O,
flower-like architectures was confirmed by SEM
studies after 800 cycles at 1.12 C. Figure 8 shows SEM
images of the samples obtained by disassembling the
coin cell. Low- and high-magnification SEM images
demonstrate that the 3D flower-like architecture is
maintained even after long and intensive battery
operation. We attribute the stable performance during
lithium-ion insertion and extraction of the hierarchical
3D Co;0, flower-like architecture to its novel and
robust structure.

Figure 8 (a) and (b) SEM images of Co;0, architectures after
800 cycles at 1.12 C.
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These results demonstrate that the designed electrode
based on hierarchical 3D flower-like architectures
with a mesocrystal nanostructure can achieve a stable
electrochemical performance for long-lived lithium-ion
batteries in metal oxide anodes. Such a design possesses
multiple advantages: First, the micro-size hierarchical
3D Co,0; flower-like architecture can offer large surface
areas for efficient contact with the electrolyte, which
effectively buffers the volume expansion and mitigates
mechanical stress on the electrode during charge-
discharge cycling, leading to a remarkable enhancement
for the capacity of lithium-ion batteries, structural
stability of the electrode, and cycle performance. These
conclusions can be evidently confirmed by the high
BET surface areas and long-lived cycling performances
(Fig. 6(a)) of the hierarchical 3D Co;0, flower-like
architectures. Second, the mesocrystal structure featur-
ing a high porosity and single-crystal-like nature, as
shown in Fig. 2, can provide extra space for lithium-ion
storage, buffer the electrode volume expansion, and
provide good electron conduction, ultimately improving
the electrochemical performances of the hierarchical
3D Co;0, flower-like architectures (as confirmed in
Figs.5 and 6). In summary, this hierarchical 3D
flower-like architecture with a mesocrystal nano-
structure can maintain excellent structural properties
and exhibit a better electrochemical performance
than Co;0, nanostructures, as given in Table 1.

Since nanostructured transition-metal oxides were
first exploited as anode materials for lithium-ion
batteries [29], many conversion materials have been

| Nano Res. 2018, 11(3): 1437-1446

developed as anode materials for lithium-ion batteries.
However, as for alloy anode materials, conversion
anode materials often suffer from severe capacity
fading and poor cyclability caused by degradation of
the material structure and large volume expansion
during the lithium-ion insertion/extraction process.
Here, we design an electrode from a hierarchical
architecture of 3D flowers with a mesocrystal nano-
structure to address these issues. The structural
characteristics and electrochemical performance
investigations clearly demonstrate that the achieved
hierarchical architecture of 3D Co;0, flowers with
a mesocrystal nanostructure combines desirable
mechanical properties and the required -electro-
chemical performance for a high capacity rate and
stable cycling for long-lived lithium-ion batteries.
The micro-sized hierarchical 3D flower-like Co;0,
architecture buffers the large volume change and
mitigates mechanical stress. The mesocrystal structure
provides extra lithium-ion storage and buffers the
large volume change of the electrode. The designed
electrode shows promising practical applications in
advanced and long-lived lithium-ion batteries with
high capacities.

4 Conclusions

We developed lithium-ion battery electrodes from a
hierarchical 3D metal oxide flower-like architecture
with a mesocrystal nanostructure. The specific com-
bination of hierarchical architectures with the micro

Table 1 The structure and electrochemical Li cycling data of Co;0, structures

Morophology Currentjat Cycling Reversible ce}?acity Ref.
(mA-g) number (mAh-g)

Plate-like mesocrystals 1C 30 618 [12]
Mesocrystal nanoplatelets 1C 100 995 [13]
Nanosheet-assembled hollow spheres 02C 50 866 [26]
Porous hollow dodecahedra 100 100 780 [30]
Porous hollow nanospheres 100 100 820 [31]
Nanosheet-assembled hierarchical nanostructures 02C 80 888 [33]
Mesoporous nanoplates 1C 100 689 [34]
Porous nanosheets 500 240 1,380 [35]
Nanocages 500 100 810 [36]
3D hierarchical flower-like architectures 1.12C 800 920 This work
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size and mesocrystal structure provides a high porosity
and single-crystal-like nature, which can address
cycling stability challenges that are present in many
conversion battery electrodes. The achieved hierarchical
3D Co;0; flower-like architecture with a mesocrystal
nanostructure displays a high reversible capacity (i.e.,
higher than the theoretical value [30-38]), improved
rate performance, and cycling stability. This work
offers a new strategy for designing advanced and
long-lived lithium-ion batteries.
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