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Core-shell honeycomb-like Co30,4,@C microspheres were synthesized via a facile solvothermal method

and subsequent annealing treatment under an argon atmosphere. Owing to the core—shell honeycomb-
like structure, a long cycling life was achieved (a high reversible specific capacity of 318.9 mA h g~* was
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maintained at 5C after 1000 cycles). Benefiting from the coated carbon layers, excellent rate capability

was realized (a reversible specific capacity as high as 332.6 mA h gt was still retained at 10C). The
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Introduction

Developing rechargeable batteries with high energy density is
urgently needed to meet the growing demand for electric vehi-
cles and smart electrical grids.»* Lithium-ion batteries are
a promising rechargeable battery technology. The anode mate-
rial plays a significant role in enhancing the electrochemical
performance of lithium-ion batteries. Common anode materials
mainly include lithium metal materials, carbon materials®
(graphite, hard carbon, soft carbon, etc.), titania-based oxide
materials (titanium dioxide, lithium titanate, etc.), and alloy
materials (silicon, tin, etc.). However, further applications have
been strictly limited by their poor security, low theoretical
specific capacity, and large volume expansion. Thus, there is an
urgent need to explore high-specific-capacity anode materials.

Transition metal oxides have been widely studied due to
their high theoretical specific capacity, low cost, environmental
friendliness, and rich resources.*® However, the electro-
chemical performance of transition metal oxide suffers due to
their poor conductivity, low initial cycle coulomb efficiency, and
poor cycling stability.”® Various methods have been proposed
to enhance their conductivity. Cug ¢Nig 4C0,0, nanowires were
successfully synthesized, which exhibited more excellent elec-
trochemical performance than CuCo,0, and NiCo,0, due to the
doping of copper. A reversible specific capacity of 880 mAh g™*
was maintained after 50 cycles at 50 mA g~ . Co;0,/SWCNT-
M13 was reported to have a high specific capacity of 1283.5
mA h g at 2 A g', showing excellent rate capability.’> A
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design of core—shell honeycomb-like microspheres provides a new idea for the development of anode
materials for high-performance lithium-ion batteries.

hierarchical hollow Co-Mo-O NCs/rGO composite was synthe-
sized, and a high reversible specific capacity of 333 mA h g™*
was achieved at 5 A g~ ' because of the hierarchical hollow
structure and graphene, exhibiting superior rate performance.*
Moreover, excellent cycling stability has been achieved by
controlling the size™™® and regulating the morphology of
transition metal oxides."”? CoO with a compact-nanobox
structure was prepared, which demonstrated excellent cycling
stability (90.4% capacity retention after 100 cycles) due to the
compact configuration and internal cavity.®® In addition,
designing a porous structure is an effective method for
improving the structural stability of transition metal oxides.**¢
Co03;0,@TiO, with a mesoporous hollow nanocage structure was
prepared. Owing to the design of the mesoporous hollow
nanocage structure, Co;0,@TiO, showed excellent cycling
stability. A discharge capacity of 787.5 mA h g~ ' was obtained
after 200 cycles.*” The crystal structure of Co;0, is shown in Fig.
S1,T which is spinel structured and crystallizes in the tetragonal
I4,md space group. CoO, tetrahedra were formed by the bond
between Co>" and four O®>~ atoms, which shared corners with
twelve equivalent CoOg octahedra. CoOg octahedra were formed
by the bond between Co>* and six O>~ atoms, which shared
corners with six equivalent CoO, tetrahedra and edges with six
equivalent CoOg octahedra.

Herein, core-shell honeycomb-like Co;0,@C microspheres
were prepared using the facile solvothermal method and
annealing treatment in an argon atmosphere. Owing to the
core-shell honeycomb-like structure, the specific surface area
was greatly increased. Moreover, the volume change was greatly
alleviated by the abundant pores distributed throughout the
microspheres during the long-term charge and discharge
processes. Furthermore, the transmission of electrons was
accelerated by the carbon layers coated on the surface of the
Co30, microspheres. As a result, long cycling stability and
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excellent rate capability of the core-shell honeycomb-like
Co03;0,@C microspheres were achieved.

Experimental section
Materials

Cobalt chloride, 1,3,5-benzoic acid, sodium dodecyl benzene
sulfonate, 2-methylimidazole, N,N-dimethyl bromide methyl
formamide, and absolute ethanol were purchased from Sino-
pharm Chemical Reagent Co., Ltd. All the chemical reagents
were used without further purification.

Synthesis of solid Co3;0, microspheres

The synthetic process of solid Co;O, microspheres is shown in
Fig. 1. Firstly, 0.100 g cobalt chloride, 0.105 g 1,3,5-benzoic acid,
and 0.050 g 2-methylimidazole were mixed with 30 mL N,N-
dimethyl bromide methyl formamide and stirred magnetically
for 1 h at 45 °C. Secondly, the mixed solution was transferred to
a stainless steel sealed autoclave and maintained for 12 h at
180 °C. Thirdly, the obtained solution was centrifuged and
rinsed 6 times each with deionized water and ethanol and dried
in a vacuum oven for 24 h at 80 °C to obtain the precursor
powders. Finally, solid Co3;0, microspheres (denoted as
SCo30,) were synthesized by annealing at 800 °C for 12 h in air.

Synthesis of core-shell honeycomb-like Co;0,@C
microspheres

The synthetic process of core-shell honeycomb-like Co;0,@C
microspheres is shown in Fig. 1. Firstly, 0.100 g cobalt chloride,
0.105 g 1,3,5-benzoic acid, 0.040 g 2-methylimidazole, 0.100 g
cetyltrimethyl ammonium bromide, and 0.005 g sodium
dodecyl benzene sulfonate were mixed with 35 mL N,N-dimethyl
bromide methyl formamide and stirred magnetically for 1 h at
45 °C. Secondly, the mixed solution was poured into a stainless
steel sealed autoclave and maintained for 20 h at 180 °C.
Thirdly, the obtained solution was centrifuged and rinsed 6
times each with deionized water and ethanol and dried in
a vacuum oven for 24 h at 80 °C to obtain the precursor
powders. Finally, the core-shell honeycomb-like Co;0,@C
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Fig. 1 Synthetic process of SCoz0,4, CSHC0:0,4,@C, and FCozO4.
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microspheres (denoted as CSHCo0;0,@C) were fabricated by
annealing at 800 °C for 12 h in an argon atmosphere.

Synthesis of flower-like Co;0,

The synthetic process of flower-like Co;0, is shown in Fig. 1.
Firstly, 0.100 g cobalt chloride, 0.105 g 1,3,5-benzoic acid,
0.040 g 2-methylimidazole, 0.100 g cetyltrimethyl ammonium
bromide, and 0.005 g sodium cetylbenzene sulfonate were
mixed with 35 mL N,N-dimethyl bromide methyl formamide
and stirred magnetically for 1 h at 45 °C. Secondly, the mixed
solution was poured into a stainless steel sealed autoclave and
maintained for 18 h at 180 °C. Thirdly, the obtained solution
was centrifuged and rinsed 6 times each with deionized water
and ethanol and dried in a vacuum oven for 24 h at 80 °C to
obtain the flower-like Co;0, microsphere precursor powders.
Finally, the flower-like Co304 microspheres (denoted as FC030,)
were prepared by annealing at 800 °C for 12 h in air.

Material characterization

The phase composition and crystal structure were characterized
by X-ray diffraction (Bruker D8 Advance). The micromorphology
was analyzed by field-emission scanning electron microscopy
(Hitachi, S-4800). The specific surface area was tested on
a specific surface analyzer (ASAP2020). The coated carbon layers
were identified vie Raman spectrometry (Renishaw inVia
Reflex). The coated carbon contents were calculated by ther-
mogravimetric measurement (Pyris 1TGA) from 20 °C to 800 °C

in air with a heating rate of 5 °C min™ .

Measurement of electrochemical performance

Firstly, the active substance, acetylene black, and polyvinylidene
fluoride were mixed evenly in a mass ratio of 8:1: 1. Secondly,
the mixed powders were mixed with N-methylpyrrolidone and
stirred for 1 h to prepare a slurry with good fluidity. Thirdly, the
slurry was evenly covered on the surface of copper foil using an
automatic coating machine to obtain a film of 90 um thickness,
which was subsequently dried in a vacuum oven for 24 h at 80 °
C. Fourthly, the film was punched into discs with a diameter of
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16 mm and dried in a vacuum oven for 12 h at 80 °C. Finally, the
disc, LiFPg, microporous polypropylene film, and metal lithium
sheet were assembled into a button battery in a glovebox filled
with argon gas. The cycling stability and rate performance were
evaluated using a Land battery measurement system (CT2001A).
Cyclic voltammetry and electrochemical impedance spectros-
copy were performed on an electrochemical workstation
(CHI604D).

Results and discussion

Fig. 2a presents the XRD patterns of the SCo;0,4, CSHC0;0,@C,
and FCo3;0, microspheres, illustrating that all the diffraction
peaks match well with the standard PDF card (No. 43-1003,
Co030,). The diffraction peaks located at 19°, 31.3°, 36.8°, 38.5°,
44.8°, 55.7°, 59.4°, and 65.2° could be ascribed to the crystal
planes of (111), (220), (311), (222), (400), (422), (511), and (440),
respectively, demonstrating that pure SCo;0,, CSHC03;0,@C,
and FCoz;0, microspheres were synthesized successfully. No
diffraction peak of carbon was observed, indicating that the
carbon layers coated on the surface of the CSHCo0;0, micro-
spheres were amorphous. Raman spectroscopy was performed
to identify that the carbon layers were coated on the CSHC030,
microspheres (Fig. 2b). Compared with the SCo;0,4 and FC030,
microspheres, the CSHC03;0, microspheres showed two more
peaks at 1310 ecm™ ' and 1599 cm ' in their Raman spectra,
which correspond to the D-band and G-band peaks of carbon.
The D-band peak is caused by incomplete graphite microcrys-
tals, structural defects, edge unsaturation, and carbon atoms.
The G-band peak represents the integrity of the sp> hybrid bond
structure in the graphite structure of carbon.”®* The Ip/I; ratio
was greater than 1, indicating that the coated carbon layers had
defects. The carbon content of the CSHC03;0,@C microspheres
was about 4.42 wt% (Fig. S27).

Fig. 3 shows SEM images of the CSHC0;0,@C microspheres.
Good dispersion was clearly observed (Fig. 3a). An obvious core—
shell honeycomb-like structure was observed (Fig. 3¢, S3a, b and
S41) with a few holes distributed on the surface of the shell.
Abundant interconnected nanopores were uniformly distrib-
uted throughout the core (Fig. 3c), which provided a path
extending in all directions for the transmission of the
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electrolyte.**** A 50 nm-thick pore wall ensured the stability of
the honeycomb structure during the long-term charging/
discharging processes (Fig. 3d). In contrast, the SCo;0, and
FCo3;0, microspheres were synthesized via the facile sol-
vothermal method (Fig. 4a and b). The sizes of the SCo0;0,
microspheres ranged from 1 pm to 4 pm, and they were bonded
together, which was not conducive to improving the lithium
storage performance. The FCo;0, microspheres comprised
nanosheets with a thickness of 100 nm. The pores between
nanosheets guarantee full contract between the active
substance and the electrolyte. Fig. S3ct presents an HRTEM
image of the CSHCo03;0,@C microspheres. The clearly visible
lattice stripes indicate the good crystallinity of the CSHCo;-
0,@C microspheres, and the crystal plane spacing of 0.35 nm
could be ascribed to the crystal plane of (440). The porous
structure of the CSHCo03;0,@C microspheres was further
confirmed using a specific surface analyzer (Fig. S5f). The
specific surface area of the CSHC0;0,@C microspheres (58.3
m® g~') was significantly greater than that of the SCo0,
microspheres (21.2 m* g ") due to the honeycomb and core-
shell structure. The pores distributed throughout the micro-
spheres and the gap between the core and shell were conducive
to improving the specific surface area.

Fig. S61 presents the 1%, 2" and 150" charge/discharge
curves of the CSHCo0;0,@C, SCo;0,, and FCozO, micro-
spheres at 0.2C. The gap between the discharge curves of the 2™
and 1501 cycles of the CSHC03;0,@C microspheres was
significantly smaller than those of the SCo;0, and FCo03;0,
microspheres, showing the better cycling reversibility of the
CSHCo03;0,@C microspheres. The cycling stability curves of the
CSHCo03;0,@C, SCo30,4, and FCo30, microspheres are shown in
Fig. 5a. The initial reversible specific capacity of the CSHCo;-
0,@C microspheres was as high as 1269.3 mA h g~ ' at 0.2C,
which was slightly higher than that of SCo;0, (1226.7 mAh g™ ")
and FCoz04 (1232.5 mA h g™'). A high reversible specific
capacity of 1091.2 mA h g~' was maintained after 150 cycles,
indicating the excellent cycling stability of the CSHCo0;0,@C
microspheres. In contrast, the reversible specific capacity of the
SCo;0, microspheres attenuated to 87.5 mA h g~ after 150
cycles, showing poor cycling stability. The CSHCo03;0,@C
microspheres showed the highest coulombic efficiency during
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(a) XRD patterns and (b) Raman spectra of the SCoz04, CSHC0:04@C and FCoz0O,4 microspheres.
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Fig. 3 SEM images of the CSHC030,@C microspheres (a) low magnification, (b) low magnification shell surface, (c) low magnification core

surface, (d) high magnification core surface.

cycling, except at the initial cycle, among the three prepared
microspheres (Fig. S71). A comparison with previous reports
using similar materials but different structures is shown in
Table S2.f The CSHCo03;0,@C microspheres exhibited better
cycling stability than the other reported cobalt oxide materials.

To further identify the superior cycling stability of the
CSHCo03;0,@C microspheres, the current density was increased
to 5C, and the cycles were increased to 1000 (Fig. S8t). A high
reversible specific capacity of 318.9 mA h g~ was still retained
after 1000 cycles, and the coulombic efficiency was more than
90% during the 1000 cycles except for the first cycle (73.6%),
illustrating the excellent cycling stability of the CSHC0;0,@C
microspheres. Fig. 5b shows the rate capability of the
CSHCo03;0,@C, SCo030,4, and FCo3;0, microspheres. The revers-
ible specific capacities of the CSHCo0;0,@C microspheres were

O
10.0um

the highest among the three microspheres at different current
densities. Due to electrode polarization, the reversible specific
capacity decreased continuously with the increase in current
density. The reversible specific capacities of the CSHC0;0,@C
microspheres were 1216.5 mAh g !, 1074.6 mAh g~ ', 884.3 mA
hg' 8057mAhg ", 5305 mAhg ", and 332.6 mA hg ' at
0.2C, 1C, 2C, 3C, 5C, and 10C, respectively, and a reversible
specific capacity of 1113.8 mA h g~" was achieved when the
current density recovered to 0.2C. In sharp contrast, the
reversible specific capacities of the SCo;O, microspheres were
993.6mAhg*,863.9mAhg *,583.5mAhg *,367.1mAhg !,
159.6 mAh g ' and 68.7 mAh g " at 0.2C, 1C, 2C, 3C, 5C, and
10C, respectively, and a reversible specific capacity of 867.6 mA
h g~ ! was obtained when the current density recovered to 0.2C.
Furthermore, the CSHCo0;0,@C microspheres showed the most

Fig. 4 SEM images of the (a) SCoz04 and (b) FCos0O4 microspheres.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

excellent rate capability among the reported Co;0, materials
(Table S17).

The cyclic voltammetry curves of the first three cycles of the
CSHC03;0,@C microspheres are shown in Fig. 6a. The voltage
ranged from 0V to 3.0 V, and the scan rate was set to 0.1 mV s~ .
In the first cathodic scan process, the reduction peak located at
1.38 V corresponded to the reduction of CO;0, to CoO, and the
reduction peak at 0.88 V was ascribed to the reduction of CoO to
Co and the formation of solid electrolyte interphase films. The
oxidation peaks at 1.61 V and 2.16 V were related to the oxida-
tion of Co to CoO and CoO to Co3;0, during the first anodic scan
process, respectively. After the first cathodic scan process, the
reduction peak shifted to 0.92 V, and the intensity of the
reduction peak weakened, showing the irreversible formation of
solid electrolyte interphase films.*>** The cyclic voltammetry
curves of the last two cycles almost coincided, indicating the
good electrochemical reversibility and distinguished cycling
stability of the CSHC0;0,@C microspheres.****

The electrochemical impedance spectroscopy results of the
CSHCo030,@C, SCo030,, and FCo;0, microspheres are shown in
Fig. 6b. The semicircle represents the charge transfer

Cycle number

(a) Cycling stability and (b) rate performance of the CSHCo030,@C, SC030,4, and FCoz0O4 microspheres.

resistance, and the straight line represents lithium-ion diffu-
sion. The CSHCo0;0,@C microspheres exhibited the smallest
semicircle and minimum straight line slope among the
prepared three microspheres, implying the lowest charge
transfer resistance and the fastest lithium ion diffusion of the
CSHCo03;0,@C microspheres. An equivalent circuit diagram of
the EIS is illustrated in Fig. 6b, and the EIS data were fitted. The
CSHCo03;0,@C microspheres exhibited the lowest R.c among the
three microspheres, demonstrating the excellent rate capability
of the CSHCo0;0,@C microspheres. The resistance values of the
CSHCo03;0,@C, SC030,, and FCo;0, microspheres are shown in
Table S3.1 The CSHCo03;0,@C microspheres showed the lowest
R, among the three microspheres. The ¢ values of the
CSHCo0;0,@C, SCo30,, and FCo;0, microspheres calculated
using the Warburg coefficient are shown in Fig. S9.1 Based on
the formula D = R*T%/24%n*F*'C?¢?, the lithium-ion diffusion
coefficient increases with a decrease in ¢ value. The CSHCo;-
0,@C microspheres exhibited the lowest ¢ value among the
three microspheres, thus showing the highest Li-ion diffusion
coefficient and the strongest Li-ion diffusion capability. The 1,
2™ and 150" electrochemical impedance spectroscopy curves

0.8 60
(a) _— 1 st () ~O— CSHCo,0,
Xidation :
044 216V 2nd 50, 0 ~O—8C0,0,
V.\\\ 0, -0 FCO}O_‘
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Fig. 6 (a) Cyclic voltammetry curves of the first 3 cycles of the CSHCos
results of the CSHC0304@C, SC0z0,4, and FCozO4 microspheres.
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04@C microspheres and (b) electrochemical impedance spectroscopy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Formation process of the CSHCo0z0O4 microspheres.

of the CSHC0;0,@C microspheres are shown in Fig. $10.7 The
resistance values during cycling are presented in Table S4.1 The
R first decreases and then increases during cycling because
a stable and compact SEI film is formed on the surface of the
anode material, which is conducive to electron transfer. In the
later stage of cycling, the SEI film on the electrode surface is
damaged, and the thickness also increases, leading to an
increase in electrochemical impedance.

The formation process of the CSHCo0;0, microspheres was
analysed by observing the SEM images taken under different
solvothermal times (Fig. 7). Nanorods and microrods of
different sizes were formed at 4 h. Due to the induction of
sodium dodecyl benzene sulfonate, some nanorods and
microrods were assembled into microspheres at 12 h. The
nanorods and microrods were all transformed into micro-
spheres, and these microspheres were then transformed into
CSHCo030, microspheres at 24 h.

The long cycling stability of the CSHC0;0,@C microspheres
could be ascribed to the core-shell honeycomb-like structure.
The abundant nanopores distributed throughout the micro-
spheres were conducive to increasing the specific surface area,
providing more active sites for the full electrochemical reaction,
and improving the reversible specific capacity.***” Furthermore,
the cavity between the core and shell and the nanopores
distributed throughout the microspheres were beneficial in
relieving the volume expansion from the long-term charge and
discharge processes, thereby enhancing the cycling stability of
the microspheres.®®* In addition, the coated carbon layers
could improve the conductivity of the microspheres, promote
the transfer of electrons, and alleviate electrode polarization,
thereby improving the rate capability.****

Conclusion

In conclusion, we synthesized CSHC03;0,@C microspheres. The
uniform and continuous nanopores distributed throughout the
microspheres provided abundant pathways for the penetration
of the electrolyte, ensuring full contact between the active
substance and electrolyte. Meanwhile, the volume expansion
during the repeated lithiation and delithiation processes could
be effectively inhibited by the various nanopores, thereby
achieving long cycling life (a reversible specific capacity as high

© 2022 The Author(s). Published by the Royal Society of Chemistry

as 318.9 mA h g ' was maintained at 5C after 1000 cycles).
Furthermore, the conductivity of the Co;0, microspheres was
significantly enhanced, the transfer speed of electrons was
greatly improved, and excellent rate capability was obtained (a
high reversible specific capacity of 332.6 mA h g was main-
tained at 10C).
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