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Yolk-shell urchin-like porous Coz04/NiO@C microspheres were successfully synthesized via a facile
solvothermal method and annealing treatment under an argon atmosphere. High reversible specific
capacity, long cycling stability, and excellent rate capability were achieved for the material due to its
specific yolk-shell urchin-like porous structure and coated carbon layers. The pores distributed on the yolk
and shell, as well as the gap between the yolk and shell, provide numerous pathways for the penetration of
electrolyte, and enhance the reversible specific capacity (the initial discharge specific capacity was as high
as 1405.7 mA h gt at 0.1 C). Meanwhile, the stress and volume expansion could be greatly released and
relieved through the pores, and long cycling stability was achieved (a high reversible specific capacity of
502.7 mA h g ! was maintained after 1000 cycles at 5 C). The coated carbon layers greatly enhance the
conductivity of the yolk-shell urchin-like porous Coz04/NiO microspheres, accelerate the transmission of
electrons, and improve their rate performance (a reversible specific capacity of 397.5 mA h g* was
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1 Introduction

The goals of carbon peaking and carbon neutralization have
been put forward to solve the problem of global warming in
recent years.' Reducing carbon emissions is an effective way
to achieve such goals.”® New energy vehicles powered by
lithium ion batteries have been developed rapidly in recent
years, which can greatly reduce carbon dioxide emissions.®™®
However, their wide application is restricted by short range
and severe capacity degradation,”*with anode materials
playing a vital role in improving the range and inhibiting
capacity degradation.

Transition metal oxides are promising anode materials
due to their high theoretical specific capacity and high safety
performance.”*™° Nevertheless, their cycling stability and rate
performance are limited by their inherent severe
pulverization and poor conductivity.>**** Porous and core-
shell structures have been designed to inhibit pulverization,
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achieved when the current density was increased to 10 C).
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thus improving cycling stability.*>>® A hierarchical porous
Co0,/C nanocomposite was prepared using a hard template
method. Benefiting from the hierarchical porous structure, a
high reversible specific capacity of 381 mA h g™ was retained
after 500 cycles at 1.0 A g *.*” Tubular CuO/CoO core/shell
arrays have been reported, with a reversible specific capacity
of 1140 mA h g™* obtained after 1000 cycles at 1.0 A g™* due
to the hollow porous structure composed of three-
dimensional hierarchical tubular core/shell arrays.*®
However, the template method has the disadvantages of
involving complex processes and high costs.

In this work, we prepared yolk-shell urchin-like porous
C030,/NiO@C microspheres via a one-step solvothermal
method and subsequent annealing treatment under an argon
atmosphere, which has the advantages of being simple
process that can be completed at low cost compared with the
common template method. In addition, the yolk-shell
urchin-like porous Co0;04/NiO@C microspheres have the
advantages of both yolk-shell and wurchin-like porous
structures, exhibiting a high reversible specific capacity, long
cycling stability, and excellent rate performance. Benefiting
from the unique yolk-shell urchin-like porous structure, the
specific surface area and number of active sites involved in
the electrochemical reaction were greatly increased, and high
reversible specific capacity was achieved. Furthermore, owing
to the cavities between the yolk and shell and the pores
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distributed on the surface of the yolk and shell, the stress
and volume expansion during the charging/discharging
process could be effectively released and relieved,
respectively, to achieve long cycling stability. In addition, the
coated carbon layers on the surface of microspheres greatly
accelerated the transfer of electrons, promoted the ion
diffusion kinetics, and improved the rate performance.

2 Results and discussion

The X-ray diffraction (XRD) patterns of yolk-shell urchin-like
porous Co;0,/NiO (YSUCNO), yolk-shell urchin-like porous
C030,/NiO@C (YSUCNO®@C), Co30,/NiO (CNO) microspheres
are shown in Fig. 1. Similar diffraction peaks are observed for
the three types of microspheres, indicating that the carbon
layers coated on the surface of the YSUCNO microspheres are
amorphous, and that the crystal structure was not changed by
the coating of the carbon layers. The diffraction peaks located
at 31.3°, 59.4°, 65.2° were ascribed to the (220), (511), (400)
crystal planes of CozO, (PDF#43-1003), and the diffraction
peaks at 37.2°, 43.3°, 62.9°, 75.4°, 79.4° corresponded to the
(111), (200), (220), (311), (222) crystal planes of NiO (PDF#47-
1049), respectively. No other diffraction peaks appeared except
for those of Co30, and NiO, showing the successful synthesis
of the pure YSUCNO, YSUCNO®@C, CNO microspheres.
However, the diffraction peak intensity of the YSUCNO@C
microspheres was significantly lower than that of the YSUCNO
microspheres, which was the result of the coating of the
material with carbon layers.

The scanning electron microscopy (SEM) images of the
YSUCNO, YSUCNO®@C, and CNO microspheres are shown in
Fig. 2. The yolk-shell urchin-like porous microspheres were
observed (Fig. 2a and Slat), and numerous nanopores were
found to be distributed on the surface of the yolk and shell
(Fig. 2b), the cavity between yolk and shell was about 500 nm
wide. Compared with the YSUCNO microspheres,
YSUCNO@C exhibited a larger particle size (Fig. 2c and d),
which could be ascribed to the thermal treatment process.
Nanorods with a diameter of 500 nm were firmly embedded
on the surface of the microspheres, with the gap between
nanorods being beneficial to the improvement in cycling
stability. Meanwhile, the pores distributed on the surface of
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Fig. 1 XRD patterns of the YSUCNO, YSUCNO@C, and CNO microspheres.
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Fig. 2 SEM images of the (a and b) YSUCNO, (c and d) YSUCNO@C,
and (e and f) CNO microspheres.

yolk and shell, and the cavities between the yolk and shell
were conductive to releasing the stress relieving the volume
expansion from the charging/discharging process, and
improving the cycling stability of the microspheres.

Nitrogen adsorption/desorption curves of the YSUCNO®@C,
YSUCNO, and CNO microspheres are shown in Fig. S2a,f
where the specific surface area of YSUCNO@C microspheres
(61.2 m> g') can be observed to be slightly lower than that of
the YSUCNO microspheres (69.8 m> g™'), and significantly
higher than that of the CNO microspheres (13.6 m”> g™'). The
contribution from double layer capacitance is quite large,
with both yolk and shell surfaces providing a large number
of active sites, which are conductive to the storage of more
lithium ions, thus increasing the specific capacity. The pore
size distribution of the YSUCNO®@C microspheres is shown
in Fig. S2b,f where the average pore size of 20 nm can be
observed. Porous CNO microspheres with a diameter of 2 pym
to 8 um were successfully prepared (Fig. 2e), with abundant
pores distributed on the surface of the microspheres (Fig. 2f
and S1bt), which were formed via the stacking of primary
CNO nanoparticles during the spray drying process.

Fig. S31 shows the high-resolution transmission electron
microscopy image of the YSUCNO®@C microspheres. The
obvious lattice fringes with crystal plane spacings of 0.17 nm
and 0.40 nm correspond to the (220) crystal planes of the
spinel cubic structure Co;O, and the (311) crystal plane of
NiO, respectively. The Raman spectra of the YSUCNO,
YSUCNO@C, and CNO microspheres are shown in Fig. S4.f
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Compared with the YSUCNO and CNO microspheres, the
YSUCNO@C microspheres show significant D-band and
G-band peaks of carbon, indicating that the carbon layers
were successfully coated on the surface of the microspheres.
The disordered D-band peak at 1330 cm " implies that the
carbon atoms feature crystal defects, which are conductive to
accelerating the diffusion of lithium ions, promoting the
transfer of electrons, and improving the lithium storage
capacity.* > The thermogravimetry curve of the YSUCNO@C
microspheres was measured to determine the coated carbon
content (Fig. S57), with the two weight losses corresponding
to adsorbed water and coated carbon layers, and a coated
carbon content of 6.06% was determined.

The cycling stability curves of the YSUCNO, YSUCNO®@C,
and CNO microspheres are shown in Fig. 3a. Similar to most
transition metal oxides, the specific capacities of the
synthesized three types of microspheres first decreased and
then gradually
illustrating that the microspheres were being activate
The Coulomb efficiency of the first cycle of the three types of
microspheres was lower than 80%, which was ascribed to the
formation of a solid electrolyte interface.”® The initial
reversible specific capacities of the YSUCNO, YSUCNO®@C,
and CNO microspheres were found to be 1387.5 mA h g™*,
1405.7 mA h g™, 1367.6 mA h g™*, and the reversible specific
capacities of 1013.6 mA h g, 1246.4 mA h g', 643.6 mA h
g were retained at 0.1 C after 200 cycles, respectively. The
YSUCNO@C microspheres showed the highest capacity
retention (88.7%). The cycling stability of 1000 cycles at 5 C
was measured to further identify the long cycling life of the
YSUCNO®@C microspheres (Fig. 3b). The high reversible
specific capacity of 502.7 mA h g”* was maintained after 1000
cycles at 5 C due to the yolk-shell urchin-like porous
structure. Abundant pores were found to be distributed on
the surface of the yolk and shell, which were conductive to
releasing the stress from the long-term charge/discharge
processes. Meanwhile, the large cavity between yolk and shell
provided enough buffer space for relieving the volume

increased during the first few cycles,
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expansion of the microspheres, thus leading to long cycling
stability. Most of the urchin-like structure was still retained
after 1000 cycles at 5 C (Fig. S61), exhibiting the superior
cycling stability of the YSUCNO®@C microspheres.

The rate performances of the YSUCNO, YSUCNO@C, and
CNO microspheres are shown in Fig. 4a. The charge/
discharge specific capacities gradually decreased with an
increase in current density, which could be ascribed to
electrode polarization. YSUCNO®@C microspheres showed the
highest reversible specific capacity among the three
microspheres at different current densities. The average
reversible specific capacities of the YSUCNO®@C microspheres
were 1320.2 mA h g%, 10723 mA h g™!, 861.7 mA h g, 656.1
mAhg',and 3975 mAhg'at0.1C,0.5C,2C,5C,and 10
C, respectively, and an average reversible specific capacity of
as high as 1262.1 mA h g™ was recovered when the current
density decreased to 0.1 C. Comparatively speaking, the
YSUCNO microspheres exhibited average reversible specific
capacities of 1241.8 mA h ¢!, 931.7 mA h g%, 621.2 mA h
g ',4354mAhg "’ and 150.7 mAhg'at0.1C,05C,2C, 5
C, and 10 C, respectively, and the average reversible specific
capacity could only be recovered to 1132.1 mA h g when the
current density decreased to 0.1 C. Thus, the YSUCNO®@C
microspheres exhibited the best rate capability. Besides this,
a rate capability comparison of the reported cobalt nickel
oxide materials and CSHCo0;0,@C microspheres is shown in
Table S1f The YSUCNO®@C microspheres exhibit more
excellent rate capability than the reported cobalt oxide
materials, which can be ascribed to the special yolk-shell
urchin-like porous structure and coated carbon layers. Table
S2+ exhibits a TMO-based cell performance comparison
between the YSUCNO®@C microspheres and other reported
work at a high rate. The YSUCNO®@C microspheres show the
most superior lithium storage performance, illustrating the
advantage of the special yolk-shell urchin-like structure.

Fig. 4b exhibits the cyclic voltammetry curves of the first
three cycles of the YSUCNO®@C microspheres. The reduction
peaks located at 0.87 V and 1.19 V of the first cathode scan
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Fig. 3 Cycling stability curves of (a) the YSUCNO, YSUCNO@C, and CNO microspheres at 0.1 C for 200 cycles and (b) the YSUCNO@C

microspheres at 5 C for 1000 cycles.
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Fig. 4 (a) Rate performance of the YSUCNO, YSUCNO@C, and CNO microspheres and (b) the cyclic voltammetry curves of the first three cycles

of the YSUCNO@C microspheres.

belong to the reduction of Co;04/Co and NiO/Ni, respectively,
and the peak at 0.62 V can be attributed to the formation of
solid electrolyte interface films. From the second cycle, the
reduction peak intensity gradually decreased and shifted to
1.17 V, and the reduction peaks of the last two cathode scans
basically coincided, illustrating the formation of stable solid
electrolyte interface films. The oxidation peaks at 1.43 V and
2.15 V of the first anode scan represented the oxidation of
Co/Co;0, and Ni/NiO, respectively. The three anode scans
showed good coincidence, illustrating the long cycling
stability of the YSUCNO@C microspheres.

Fig. 5 shows the electrochemical impedance patterns of
the YSUCNO, YSUCNO®@C, and CNO microspheres, which all
feature a semicircle expressing the charge transfer resistance
and a straight line indicating the Warburg impedance. The
charge transfer resistance was found to be proportional to
the size of the semicircle, and the Warburg impedance
decreased with the decrease in the straight line slope. The

50
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150
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Fig. 5 Impedance patterns of the YSUCNO, YSUCNO@C, and CNO
microspheres.
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YSUCNO@C microspheres exhibited the smallest semicircle
size among the three types of microspheres, indicating that it
showed the lowest charge transfer resistance and the fastest
charge transfer, which was ascribed to the coated carbon
layers. Meanwhile, the lowest straight line slope was observed
for the YSUCNO@C microspheres, indicating that it exhibited
the lowest Warburg impedance and the fastest lithium ion
diffusion. The o (Warburg coefficient) values of the YSUCNO,
YSUCNO@C, and CNO microspheres calculated using the
Warburg coefficient are shown in Fig. S7.f According to the
equation D = R’T*/24°n*F'C%¢®, the lithium ion diffusion
coefficient increases with a decrease in the ¢ value, and the
YSUCNO@C microspheres exhibit the minimum o value
among the three types of microspheres, showing the
maximum Li-ion diffusion coefficient and the strongest Li-
ion diffusion capability of the YSUCNO@C microspheres. D
represents ionic diffusion coefficient, R represents gas
constant (8.314 kJ™" mol™), T represents Kelvin temperature,
A represents electrode area, n represents number of electrons
transferred in the reaction process, F represents Faraday
constant (500 C mol™), C represents lithium ion phase
concentration, and o represents the Warburg coefficient. The
o values of the YSUCNO, YSUCNO@C, and CNO
microspheres increased significantly after 100 cycles (Fig.
S81). By comparison, the o value of the CNO microspheres
increased significantly, showing that the YSUCNO®@C
microspheres exhibited the lowest volume change among the
three materials.

The YSUCNO@C microspheres exhibited the longest
cycling stability and the best rate performance among the
three types of microspheres, which could be ascribed to the
following reasons. i) Benefiting from the unique yolk-shell
urchin-like porous structure, high initial reversible specific
capacity was achieved. Benefiting from the abundant pores
distributed on the yolk and shell, as well as the cavities
between the yolk and shell, a high large surface specific area
could be achieved, and full contact between the active

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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substance and electrolyte was ensured, thus leading to high
reversible specific capacity being achieved. ii) The yolk-shell
urchin-like porous structure was conductive to improving the
cycling stability. Numerous pores were found to be
distributed on the surface of the yolk and shell, and the
cavities between the yolk and shell greatly released the stress,
effectively relieving the volume expansion from the long-term
charging/discharging processes, thus ensuring the stability of
the microsphere structure and the improvement in the
cycling stability. iii) The coated carbon layers on the surface
of YSUCNO microspheres contributed to the improvement in
the rate performance. The conductivity was effectively
improved via the coating of the carbon layers, and the
transfer speed of the electrons was significantly promoted,
with the rate performance thus being enormously improved.

3 Conclusions

In short, yolk-shell urchin-like Co;0,/NiO@C microspheres
were prepared via a one-step solvothermal method and
annealing treatment. The pores distributed on the surface of
the yolk and shell, as well as the cavities between the yolk
and shell, not only provided pathways for the penetration of
electrolyte, but also relieved the volume expansion from the
charge/discharge processes, thus leading to a high initial
reversible specific capacity and long cycling life. A high initial
reversible specific capacity of 1405.7 mA h g™' was achieved
at 0.1 C, and a reversible specific capacity as high as 502.7
mA h g™ was retained after 1000 cycles at 5 C. What is more,
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the rate performance was greatly improved due to the coated
carbon layers. The reversible specific capacity of 397.5 mA h
g™' was still retained even when the current density was
increased to 10 C.

4 Experimental section
4.1 Materials

Cobalt chloride, cobalt nitrate, sodium dodecyl benzene
sulfonate, 2-methylimidazole, nickel chloride, N,N-dimethyl
bromide methyl formamide, 1,3,5-benzoic acid, and absolute
ethanol were all purchased from Sigma. Deionized water,
prepared in the laboratory, was wused throughout the
experiments.

4.2 Synthesis of the yolk-shell urchin-like porous Co3;0,/
NiO@C microspheres

The synthesis process of the yolk-shell urchin-like porous
C0304/NiO@C microspheres is shown in Fig. 6a. Cobalt
chloride, nickel chloride, 2-methylimidazole, 1,3,5-benzoic
acid, and sodium dodecyl benzene sulfonate were all
transferred into the N,N-dimethyl bromide methyl formamide,
with the resulting mixture continuously stirred for 2 h to
obtain a homogeneous blue solution. Subsequently, the blue
solution was poured into a sealed 100 mL stainless steel
autoclave, which was heated at 180 °C for 24 h. Then, a yolk-
shell urchin-like Co;0,/NiO microsphere powder was obtained
via alternating centrifugation treatment using absolute ethanol
and deionized water three times and vacuum drying at 70 °C

900¢
12h(Ar)

180C
24h

900 C +12h (air atmosphere)

Draught fan

Fig. 6 Synthesis process of the (a) yolk-shell urchin-like porous Coz04/NiO@C and (b) porous Coz04/NiO microspheres.
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for 12 h. Finally, the Co3;0,/NiO microsphere powder was
mixed with cyclodextrin, and continuously ground for 60 min
to obtain a mixed powder, which was then annealed at 900 °C
for 12 h under an argon atmosphere to prepare the yolk-shell
urchin-like porous Co0;0,/NiO@C microspheres (denoted as
YSUCNO®@C microspheres).

4.3 Synthesis of the porous C0;0,/NiO microspheres

The synthesis process of the porous Co;0,/NiO microspheres
is shown in Fig. 6b. Firstly, cobalt nitrate, nickel nitrate, and
cyclodextrin were dissolved in deionized water to obtain a
mixed solution. Then, the mixed solution was sprayed into a
C030,4/NiO microsphere precursor using a spray dryer.
Finally, the microsphere precursor was annealed at 900 °C
for 12 h in air to prepare the porous Co;0,/NiO microspheres
(denoted as CNO microspheres).

4.4 Materials characterization

The phase purity of the prepared samples was analyzed by
XRD (Bruker D8 Advance). The morphology of the prepared
samples was observed by field-emission scanning electron
microscopy (Hitachi, S-4800) and transmission electron
microscopy (JEOL, JEM-2100F). The porosity of the structure
was identified using a specific surface analyzer (ASAP2020).
The element valence was determined by X-ray photoelectron
spectroscopy (Axis Ultra DLD).

4.5 Measurement of the electrochemical performance

Active substance, acetylene black, polyvinylidene fluoride, and
N-methylpyrrolidone were mixed together and mechanical
stirred for 100 min until the slurry showed good fluidity. Then,
the slurry was scraped on the surface of copper foil, before
being vacuum dried at 75 °C for 12 h to obtain the film. The
film was punched into discs with a diameter of 12 nm, and
vacuum dried at 75 °C for 12 h. Finally, the discs, microporous
polypropylene film, LiFPs;, and metallic lithium sheet were
assembled into button batteries in a glovebox filled with argon
gas. The cyclability and rate performance of the button
batteries were tested using a Land battery system (CT2001A).
The cyclic voltammetry curves of the button batteries were
analyzed on an electrochemical workstation (CHI604D).
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