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Co304 nanosheets anchored on C/Cu porous microspheres as
high-performance anode materials for lithium-ion battery

Xun Sun'?', Jun Zhang'?, Huaran Zhang', Yuliang Cao'" and Jinping Zhou'"

ABSTRACT As electrode materials, transition metal oxides
(TMOs) exhibit poor electrochemical performances owing to
their inherent low electronic conductivity and considerable
volume expansion and contraction during charge/discharge
cycles. Designing TMOs with unique nanostructure and
combining them with conductive carbon substrates are effec-
tive strategies to address the inherent issues. In this work, we
designed C/Cu porous microspheres and grew Co;04 nano-
sheets (NS) vertically on the carbon walls using an in situ
synthesis route. As a conductive substrate, the C/Cu micro-
spheres provide a hierarchical pore network and an electrode/
electrolyte contact interface with large area, which can sub-
stantially enhance electron and ion diffusion kinetics. The in
situ synthesized Co3;O4 NSs are firmly anchored on the carbon
walls, thereby increasing the structural durability of the
composites in long-term cycling. Due to their unique struc-
tural characteristics, when using the C/Cu@Co;0, composite
microspheres as the anode materials for lithium-ion batteries,
the batteries exhibit an enhanced rate performance (a high
reversible specific capacity of 622 mA h g™! at a current den-
sity of 5000mA g™'), high charge-specific capacity
(907 mA h g™ at 100 mA g' after 200 cycles, and a stable
specific capacity of 944 mA h g™' over 800 cycles, even at a high
current density of 1000 mA g™'), and excellent cycling stabi-
lity.

Keywords: C/Cu microspheres, multiscale pore structure, chitin-
derived carbon, mesoporous Co;O4 nanosheets, anode materials

INTRODUCTION

With the growing interest in sustainable and renewable energy
sources, the requirement for low-cost, efficient, and environ-
ment-friendly renewable energy conversion and storage tech-
nologies has become urgent [1,2]. Currently, lithium-ion
batteries (LIBs) become the primary energy source for portable
electronic devices. They are regarded as the most promising
energy storage technology for grid applications and electric
vehicles [3,4]. However, commonly used graphite anode mate-
rials cannot meet the rapidly growing demand for next-gen-
eration LIBs with high power and energy densities due to their
low rate capability and low theoretical capacity. Therefore,
extensive research is being conducted on alternative anode

materials with high-rate performance and high capacity to
develop a new generation of LIBs [5,6]. In this context, transi-
tion metal oxides (TMOs) are considered the most potential
candidates for anode materials owing to their low cost, abundant
natural resources, and theoretically high specific capacity [6-10].
Among various TMOs, Co;0y4 is regarded as one of the most
promising anode materials, which can provide a higher specific
capacity (~890 mA h g™') owing to its eight-electron transfer
reaction compared with the conventional graphite anode
[11,12]. However, Co;0,4 has two major drawbacks. One is that
during the charge/discharge cycling process, severe volume
changes in the active material result in electrode shattering and
poor long-cycling stability. The other is that the inherent low
electronic conductivity of Cos;O4 leads to poor rate performance.
These issues seriously impede its practical applications in LIBs
[13,14].

Two effective strategies have been extensively investigated to
address the aforementioned obstacles and enhance the lithium
storage capacity of Co;O4-based electrodes. One approach is to
design unique Co3;O, nanostructures, such as nanoparticles
[15,16], nanotubes [17,18], nanorods [19], hollow nanospheres
[20,21], nanoflowers [22,23], and nanosheets (NS) [24,25]. These
nanostructures render the active material a larger specific sur-
face area, enlarge the electrolyte/electrode contact interface,
shorten the transport distance of Li*, and consequently enhance
the diffusion kinetics. Furthermore, nanostructures, particularly
porous or hollow structures, can reduce the volume expansion/
contraction during Li* insertion/extraction to a certain extent
[26,27]. However, during the charging and discharging pro-
cesses, the nanostructured Co;O, often suffers from severe
particle aggregation, large volume changes, and low con-
ductivity, which leads to electrode crushing and rapid capacity
decay, thereby presenting poor long-term cycling stability and
rate performance [28,29]. The other efficient strategy is to
introduce a specific conductive buffer matrix, such as graphene
[30,31], carbon nanotubes [32], carbon nanofibers [33], and
porous carbon [34,35], to form corresponding Co;O4 compo-
sites. Carbon materials can provide a fast electron conduction
channel, which improves the conductivity of the active material.
Moreover, the carbon material can buffer the volume change
during the charge/discharge cycles, and effectively prevent the
aggregation of nanoparticals [36]. Thus, stable specific reversible
capacity and good rate capability could be achieved. In this
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context, Zhang et al. [37] prepared a high-density corn-like
Co304/graphene hybrid material by direct pyrolysis of
Co(NO3),-6H,0 on graphene NS through self-assembly induced
by graphene wrinkles. This composite preserved a high rever-
sible capacity of 1060 mA h g™ after 50 cycles at a current
density of 50 mA g™*. Chen et al. [38] reported a nanocomposite
material of Co;O4 nanoparticles grafted onto a three-dimen-
sional (3D) nanotube sponge. The material exhibited an excel-
lent rate capability and a high specific capacity. However,
achieving a strong interaction between Co3O, and carbon sub-
strates and thus avoiding the shedding and aggregation of
nanomaterials during repeated lithiation/delithiation processes
remain challenging.

Chitin is the second largest amount of biomass on Earth.
Direct pyrolysis is used to uniformly incorporate heteroatoms
into the carbon structure of chitin, resulting in N/O self-doping.
This material has been reported as an anode material for high-
performance electrode materials [33,39,40]. Recently, we devel-
oped a dissolution system for chitin based on alkali/urea aqu-
eous solutions and constructed heteroatom-self-doped C/Cu
composite porous microspheres using an emulsion method and
high-temperature carbonization [41]. The composite micro-
spheres are robust with abundant anchoring sites. Herein, we
innovatively constructed C/Cu composite microspheres, which
are uniformly covered with Co3O4 NS on the carbon wall (C/
Cu@Co30,), as a high-performance anode material for LIBs.
Combining the advantages of vertically aligned mesoporous
Co0304 NS and heteroatom-self-doped C/Cu porous micro-
spheres as conductive substrates, the prepared C/Cu@Co;0,
hybrids demonstrate excellent lithium storage performance
when used as the anode materials for LIBs, with high reversible
capacity, excellent rate performance, and long-cycle life.
Therefore, this work provides a new strategy for developing
high-performance anode materials for LIBs based on carbon/
TMO composites.

EXPERIMENTAL SECTION

Raw materials

Chitin was procured from Golden Shell Biochemical Co., Ltd.
(Zhejiang, China) and processed following the previous work
[42]. Cobalt acetate tetrahydrate, polyvinylpyrrolidone (PVP),
and Cu(OH), were obtained from Aladdin (Shanghai, China).
All other chemical reagents used in the experiments were pro-
cured from Sinopharm (Shanghai, China) and used without
further purification.

Preparation of C/Cu porous microspheres

As reported in our previous work [41], we developed a stable
Na,[Cu(OH)4]/NaOH/urea system to dissolve chitin based on
the alkali/urea solvent system. In this system, chitin was dis-
solved using the freeze-thaw method to accomplish uniform
blending of Na,[Cu(OH)s] and polymeric chains to obtain a
chitin solution. Then, chitin@Cu(OH), microspheres were pre-
pared using the emulsion method, and finally, the freeze-dried
chitin@Cu(OH), microspheres were carbonized at high tem-
perature to obtain C/Cu composite porous microspheres.

Preparation of C/Cu@Cos0, microspheres

Cobalt acetate tetrahydrate (2.0 g) and PVP (0.8 g) were added
into 60 mL of a mixture of ethylene glycol (EG) and deionized
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water (volume ratio = 59:1) and stirred for 30 min to obtain a
burgundy solution. After adding 1.0 g of C/Cu porous micro-
spheres into the burgundy solution, it was stirred for 8 h. Then,
the mixture was transferred into a 100-mL autoclave and placed
in a muffle furnace at 180°C for 12 h. The precipitates were
collected after cooling to room temperature, washed several
times with deionized water and anhydrous ethanol, and dried
under vacuum at 60°C for 12 h. Finally, the resulting precursor
was heated at 400°C under argon for 2 h, and C/Cu micro-
spheres loaded with Co;0; NS (C/Cu@Co3;04) were obtained.
Conversely, pure Co;O4 NSs were prepared without adding
C/Cu microspheres, while other parameters remained constant.

For comparison, C/Cu microspheres were oxidized in air at
300°C with a heating rate of 2°C min™ for 3h to produce
C/CuO microspheres. The C/CuO microspheres were added to a
dilute HCI solution with stirring for enough time to remove the
CuO, obtaining bare carbon microspheres (CMs). Then, we
replaced C/Cu with CMs and synthesized CMs@Co;0; using the
same solvothermal reaction under the same conditions.

Characterizations

The morphology and structure of the samples were analyzed
using scanning electron microscopy (SEM, FEI SIRION-200)
and transmission electron microscopy (TEM, JEOLJEM-2010
(HT)) coupled with an energy dispersive X-ray spectrometer
(EDS, Super-X). Powder X-ray diffraction (XRD) was performed
using a Rigaku Miniflex600 X-ray powder diffractometer with
Cu Ka radiation. X-ray photoelectron spectrometry (XPS) was
conducted using an ESCALAB 250Xi spectrometer. Thermo-
gravimetric (TG) analyses were conducted on a TA Q500
instrument in an air atmosphere with a ramp rate of 10°C min™".
A Micromeritics ASPA 2020 analyzer was used to measure the
N, adsorption/desorption isotherms and pore size distribution
of the samples. The Raman spectra were acquired with a
Renishaw RM1000 spectrometer.

Electrochemical characterization

The active materials (C/Cu@Co3;04 microspheres and the pure
Co304 NS), carboxymethyl cellulose, and Super P were mixed in
deionized water with a mass ratio of 70:20:10 to prepare a slurry.
The slurry was then uniformly applied on the copper foil using a
sample maker and vacuum dried at 60°C for 12 h to fabricate
electrode sheets. The average mass loading of the electrodes was
1.5 mg cm™2. For constructing the 2032-coin cell, the obtained
electrode sheet served as the working electrode, the metal Li
sheet as the reference electrode, and the glass fiber membrane as
the diaphragm. The electrolyte was a mixture of ethyl methyl
carbonate, dimethyl carbonate, and ethylene carbonate (volume
ratio of 1:1:1) in 1 mol L™! LiPFs. The button cells were assem-
bled in an argon-filled glove box where the concentrations of O,
and H,O were less than 0.01 ppm, respectively. The assembled
cells standed for at least 12 h before testing to allow sufficient
electrolyte penetration into the electrodes.

The LAND-CT2011A battery measurement system measured
the galvanostatic charge/discharge (GCD) curves from 0.01-3 V.
The CHI660E electrochemistry workstation (Shanghai Chenhua)
was used to conduct cyclic voltammogram (CV) and electro-
chemical impedance spectroscopy (EIS) measurements. CV
measurements were done from 0.01-3 V at a scan rate of 0.2-
5 mV s! and EIS measurements were assessed at a frequency
range from 0.01-100 kHz. All the electrochemical measure-
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ments were performed at 25°C.
RESULTS AND DISCUSSION

Preparation and structural analysis

Fig. 1 presents a schematic diagram of the preparation of
C/Cu@Co;04 composite microspheres. We first prepared the
chitin-Na,[Cu(OH),] solution using multiple freeze-thawing
processes and then added it dropwise into the oil phase com-
prising isooctane and Span 85 as the aqueous phase. Chitin@
Cu(OH), microspheres were prepared using emulsification and
high-temperature regeneration, and then, C/Cu porous micro-
spheres were obtained by high-temperature carbonization.
Subsequently, we synthesized cobalt glycolate precursors using
an EG-mediated solvothermal method, where PVP and water
were used to control the morphology of cobalt glycolate NSs.
Finally, C/Cu@Co30, composite microspheres were obtained by
calcination in an argon atmosphere.

The surface of the prepared chitin@Cu(OH), microspheres
shows a distinct porous structure (Fig. 2a), and the average
diameter is 70 + 4 um. Furthermore, the resulting C/Cu
microspheres still maintain a good spherical morphology even
after carbonization in argon at 800°C; however, the average
diameter decreases to 25 + 7 pm, and their porous structure
increases (Fig. 2b). The XRD pattern of C/Cu (Fig. S1) depicts
that there are distinct diffraction peaks at 26 = 43.4°, 50.4°, and
74.1°, which correspond to the (111), (200), and (220) crystal
planes of Cu (PDF#70-3039), respectively. A very weak (002)
diffraction peak appears at 20 = 24.3°, demonstrating the
amorphous nature of the carbon matrix. Under high tempera-
ture, Cu(OH), in chitin@Cu(OH), microspheres is first ther-
mally decomposed to CuO, while chitin-derived carbon acts as a
reducing agent to reduce CuO to Cu. During this period, chitin
and its derived carbon skeleton also serve as substrates to pre-
vent the aggregation of Cu nanoparticles [43].
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The final hydrothermal reaction and calcination treatment did
not considerably affect the size and morphology of the micro-
spheres. The obtained C/Cu@Co;0, composite microspheres
still exhibit a good spherical shape with an average diameter of
28 + 5 um (Fig. 2c). According to the SEM images (Fig. S2a, b),
the surface of the C/Cu@Co;0; microsphere is covered by
interlaced Co3O4 NS. Moreover, the SEM cross-sectional images
show the broken microsphere (Fig. S2¢, d), which indicates that
the carbon walls of the internal channels of the microspheres are
covered with Co304 NS. Thus, we found that Cos;O, NS are
evenly distributed on the surface of the microspheres and grow
on the carbon walls of the microsphere internal channels.
Notably, the in situ synthesized Co;04 NS do not substantially
affect the structure of C/Cu. The TEM image (Fig. 2d) depicts
that the inside of the C/Cu@Co3;0, microspheres still has a rich
porous structure. Furthermore, thin flake-like materials appear
at the edges of the microspheres, which are Co;O4 NS wrapping
around the surface of the C/Cu@Co;0, microspheres. Fig. 2e
depicts the high-resolution TEM (HRTEM) image of the Co;0,4
NS. A lattice spacing of 0.23 nm was calculated between two
neighboring planes, which is attributed to the (222) lattice plane
of C030,. The elemental mapping images of C/Cu@Co;04 were
examined using high-angle annular dark field scanning TEM-
EDS (HAADF-STEM-EDS) (Fig. 2f-k), showing uniform dis-
tributions of C, O, N, Cu, and Co in the selected region.

Fig. S3 shows the SEM image of the pure Co;O, precursor as a
stack of NS with a smooth surface. After calcination in argon,
Co0304 NS with mesopores were obtained (Fig. S4a, b), while the
residual carbon content of the Co3;O4 NS was minimal after
subsequent washing. This was confirmed by the XRD pattern of
Co304 NS (Fig. S5), as no significant carbon (002) diffraction
peaks were observed at around 24°. The distinct diffraction
peaks identified at 26 = 19.1°, 31.3°, 36.9°, 38.6°, 44.9°, 55.8°,
59.5°, 65.3° and 77.6° correspond well with the (111), (220),
(311), (222), (400), (422), (511), (440), and (533) Co0; planes,

Chitin solution
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Naz[Cu(OH)a]I (
NaOH/urea
N system
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Schematic diagram for the fabrication of C/Cu@Co;0, composite microspheres.
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Figure 2 SEM images of (a) chitin@Cu(OH),, (b) C/Cu, and (c) C/Cu@Co030;. (d) TEM and (e) HRTEM images of C/Cu@Co;0, (insets: the crystalline
lattice pattern and the corresponding intensity profile of a line scan across the lattice fringes). (f) HAADF-STEM image and (g-k) the corresponding element

mappings of C/Cu@Co30,. The scale bars are 200 nm.

respectively (PDF#42-1467). Raman spectrum of Co;O; NS
further reveals the characteristic peaks of Co;O4 (Fig. S6). Five
diffraction peaks at 196, 480, 518, 617, and 682 cm™ can be
indexed to Fay, Ey, Fyp', Fa?, and Ay, vibration models of CosO,
[35], respectively. The absence of distinct D and G bands in the
Raman spectrum of Co;O4 NS further confirms the very low
carbon content that could not be detected. Considering the
morphology reported in the literature [44,45], we deduced the
growth mechanism of Co;04 NS on C/Cu porous microspheres.
First, Co** are coordinated with EG under constant magnetic
stirring to create cobalt glycolate. Then, as the temperature rises,
PVP and cobalt glycolate in the solution start to react and
nucleate uniformly on the carbon walls of the C/Cu micro-
spheres. The presence of water may reduce the coverage of PVP
on the surface of NS, resulting in preferential absorption of PVP
on the top surfaces of NS. As the reaction progresses, nuclei
form preferentially in a particular direction to form NS. Finally,
the obtained precursors are calcined in argon, and Co;O4 NS
arrays are prepared with the pores grown vertically on the car-
bon walls of C/Cu microspheres.

Fig. S7 displays the curves obtained from specific surface tests
on Co3;0; NS to characterize their pore structure. The N,
adsorption/desorption curves of Co;O04 NS exhibit a clear hys-
teresis loop between P/P, values of 0.4-1.0, which indicates a
distinct type IV isotherm. Moreover, this hysteresis loop is evi-
dence for the presence of mesopores. The uptake of N, by Co;0,
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NS increases substantially at the relative pressure of P/P, > 0.9,
indicating the existence of macropores. However, at the relative
pressure of P/Py < 0.1, the adsorption of N, by Co;O4 NS is
almost unchanged, indicating the absence of micropores [46].
The specific surface area of Co;O4 NS is 8.5m* g™, and the
corresponding pore volume is 0.045 cm® g~'. The pore size dis-
tribution shows that the mesoporous structure of Co;O4 NS is
predominant, and the related results are given in Table S1. The
mesoporous structure of Co;O4 NS facilitates electrolyte pene-
tration and relieves volume expansion/contraction during the
charging/discharging cycles, thereby guaranteeing its structural
integrity.

Fig. 3a shows the XRD pattern of C/Cu@Co30,. The distinct
diffraction peaks at 20 = 18.8°, 31.1°, 36.7°, 38.2°, 44.8°, 55.8°,
59.2°, 65.2° and 77.5° are attributed to (111), (220), (311), (222),
(400), (422), (511), (440), and (533) Co;04 planes, respectively
(PDF#42-1467). The characteristic diffraction peaks of Cu were
also observed. Furthermore, the amount of Co0;0, in C/
Cu@Co3;0,4 microspheres can be calculated from the TG curves
of C/Cu and C/Cu@Co304 microspheres in the air (Fig. 3b).
During the gradual heating to 800°C in an air atmosphere, Cu is
oxidized to CuO in the presence of air and later reduced to Cu
by C for C/Cu microspheres. Until the C is completely burned
out, Cu will finally exist as CuO. Similarly, for C/Cu@Co;04,
after heating to 800°C in an air atmosphere, the final residues
become CuO and Co;0,. The specific reaction can be briefly

December 2023 | Vol.66 No. 12
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Figure 3 (a) XRD pattern of C/Cu@Co3;0,, and (b) TG curves of C/Cu and C/Cu@Co;0; in air. XPS spectra of C/Cu@Co304: (c) C 1s, (d) N 1s, (e) O 1s,
and (f) Co 2p. (g) Cu 2p XPS spectra of C/Cu and C/Cu@Co;0;. (h) N, adsorption/desorption isotherms of C/Cu and C/Cu@Co304, and (i) the corresponding

DFT pore size distributions.

summarized as follows:
2C/Cu+ 30, — 2CuO +2CO,, (1)

2C/Cu@Co,0, + 30, — 2Cu0 +2C0,0, +2CO,. ©)

The TG curve of C/Cu indicates that the mass of the
remaining CuO is about 40%. According to the TG curve of C/
Cu@Co30;, the mass fraction of the remaining residues (CuO
and Co30,) is 71%. Therefore, the Co30,4 content was calculated
to be 52% in C/Cu@Co3;04 and the composite microspheres
prepared in this work achieved a high loading of TMOs.

Fig. S8 displays the XPS spectrum of C/Cu@Co3;0, micro-
spheres, from which distinctive characteristic peaks of C 1s, N
Is, O 1s, Co 2p, and Cu 2p are observed, showing their coex-
istence. Fig. 3¢ presents the high-resolution XPS spectrum of C
Is fitted to C-C (284.8 V), C-N/C-O (285.8 ¢V), and C=0
(290.1 eV) [47]. The high-resolution XPS spectrum of N 1s
(Fig. 3d) shows three fitted peaks at 399.1, 400.1, and 406.1 eV,
which correspond to pyridinic N, pyrrolic N, and graphitic N
[48], respectively. In the high-resolution XPS spectrum of O 1s
(Fig. 3e), peaks with binding energies of 530.2, 530.9, 532.0, and
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533.5 eV are attributed to Co-O, Cu-0O, C=0, and C-O/C-OH
[49], respectively. The two prominent peaks at 780.3 and
795.3 eV in the high-resolution Co 2p XPS spectrum of C/
Cu@Co;04 (Fig. 3f) correspond to the spin-orbit peaks of Co
2p3;, and Co 2pip, respectively, and are accompanied by two
low-intensity swinging satellite peaks next to each other. The Co
2p peaks are characteristics of the Co;O4 phase [50]. The fitted
peaks at 780.1 and 795.2 eV correspond to Co®" 2psj; and Co®*
2pi1j, respectively. The other two fitted peaks at 781.5 and
796.7 eV are assigned to Co** 2psj; and Co®* 2py, [51], respec-
tively. Fig. 3g demonstrates the high-resolution Cu 2p XPS
spectra of C/Cu and C/Cu@Co304. For C/Cu, the peaks at 933.1
and 953.2 eV are attributed to Cu 2p;/; and Cu 2py), of the Cu
[52], respectively. Simultaneously, the Cu 2p spectrum of C/Cu
does not have the satellite, which indicates the absence of Cu*".
Conversely, two spin-orbiting doublets and two shaking satel-
lites can be detected in the spectrum of C/Cu@Co;0,. Although
the peaks at 934.0 and 954.1 eV are 0.9 eV higher than the
binding energies of the corresponding peaks in C/Cu, they are
also attributed to Cu 2ps/; and Cu 2py); of Cu. The increase in Cu
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2p binding energy in C/Cu@Co;04 reflects the reduction in
charge density at the Cu site. However, the positive shift in
binding energy may be attributed to the formation of Cu-O-Co
bonds between the Co3;04 NS and Cu in the carbon matrix [53].
Moreover, the presence of Cu?* satellite peaks (941.8, 944.3, and
963.0 eV) in the XPS spectrum of Cu 2p confirms the presence
of covalent interactions between Cu and Co3;O, NS in the C/
Cu@Co;3;04 microspheres [54].

The porous structures of C/Cu and C/Cu@Co;0, micro-
spheres were analyzed using the Brunauer-Emmet-Teller the-
ory, and the results are presented in Fig. 3h, i and Table S1. All
the N, adsorption/desorption isotherms exhibit a distinct hys-
teresis loop between P/P, values of 0.4-1.0, suggesting a distinct
type IV isotherm. Also, the existence of the mesopore is
demonstrated by the hysteresis loop. The uptake of N, by C/Cu
or C/Cu@Co;0, increases substantially at the relative pressures
of P/Py < 0.1 and P/P, > 0.9, indicating the existence of micro-
pores and macropores, respectively [46]. The specific surface
areas of C/Cu and C/Cu@Co;0, are 420.5 and 278.6 m* g™},
whereas the corresponding total pore volumes are 0.70 and
0.52 cm® g7', respectively. The pore size distribution calculated
using the density functional theory (DFT) method indicates the
dominance of micro- and mesoporous structures in C/Cu and
C/Cu@Co;0,4, with average pore sizes of 7.2 and 4.4 nm,
respectively. The hierarchical structure of the composite
microsphere provides a large specific surface area and inter-
connected pores network, which contributes to adapting to huge
volume changes during charging/discharging processes,
improves electron conductivity, and promotes ion transport and
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fast reactions.

To demonstrate that the presence of Cu in C/Cu microspheres
provides nucleation sites for the growth of Co;04 NS, the pure
porous CMs were prepared. The SEM image in Fig. S9 shows the
surface morphology of CMs similar to that of C/Cu. Based on
the previous analysis of the specific surface area and pore size
distribution of C/Cu microspheres, the N, adsorption/deso-
rption curve (Fig. 4a) indicates that CMs have a hierarchical
pore structure with the coexistence of micro-/meso-/macro-
pores, as confirmed by their pore size distribution curve
(Fig. 4b). The XPS spectrum and XRD pattern (Fig. 4¢, d) prove
that Cu is completely removed from CMs. Under the same
conditions, the CMs@Co;04 microspheres were prepared by
solvothermal reaction using CMs as the substrate. The SEM
image in Fig. S10 shows the absence of Co3;O4 NS on the surface
of CMs microspheres, indicating the presence of Cu in C/Cu
microspheres is a critical factor for the nucleation and growth of
CO304 NS.

Electrochemical properties

The electrochemical performances of C/Cu@Co;0, as an anode
material for LIBs were assessed. The lithium storage perfor-
mance of Co304 NS was likewise evaluated to demonstrate its
structural superiority. Fig. 5a depicts the CV curves of the C/
Cu@Co30; electrode for the first four cycles at a scan rate of
0.2 mV s™! within a voltage window of 0.01-3.00 V. During the
first cathode scan, three reduction peaks were found at 1.54,
0.73, and 0.52 V, corresponding to the reduction of Co;O, to
CoO, the reduction of CoO to Co, and the formation of the solid
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Figure 4 (a) N, adsorption/desorption isotherm and (b) the corresponding DFT pore size distribution. (c) Full survey XPS spectrum and (d) XRD pattern of

CMs.
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Figure 5 (a) The first four CV curves of the C/Cu@Co;0;, electrode over a potential range of 0.01-3.0 V at a scan rate of 0.2 mV s™". (b) GCD curves of the
first five cycles of the C/Cu@Co;0; electrode at a current density of 100 mA g~'. (c) Rate performances of the C/Cu@Co30, and Co;04 NS electrodes at
various current densities. Cycling performances and the corresponding Coulombic efficiency of the C/Cu@Co3;04 and Co3O4 NS electrodes at (d) 100 and

(e) 1000 mA g™

electrolyte interface (SEI) [35], respectively. The electrochemical
reaction mechanism of Cos;0, includes the formation and
decomposition of Li,O, the reduction of Co*" to Co*" and Co**
to Co, and the oxidation of Co to Co?*" and Co*' to Co**, with
CoO as an intermediate product. The specific reaction can be
expressed as follows [55]:

Co,0, +2Li" +2¢ — Li,0 + 3Co0, A3)

3C00 + 6Li" + 6¢~ — 3Li,0 + 3Co. @)

During the first anodic cycle, distinct oxidation peaks were
found at 0.98 and 2.08 V, corresponding to the oxidation of Co
and the decomposition of Li,O [33], respectively. In the second
scan, the positions of both the reduction and oxidation peaks are
shifted. This is a typical phenomenon of structural changes in
metal oxides during charge/discharge cycles. The decrease in the
integrated area and intensity of individual peaks signifies the loss
of capacity and the formation of SEI films in the first cycle [56].
Following that, the positions of the reduction and oxidation
peaks in the subsequent three cycles almost overlap. Except for
the first cycle, the almost overlapping CV curves demonstrate
the high reversibility of the redox reaction on the C/Cu@Co30;4
electrode and the exceptional cyclic stability of the cell owing to
its unique structure.

Fig. 5b depicts the GCD curves recorded between 0.01 and
3.00 V at a current density of 100 mA g~'. During the first dis-
charge cycle, three voltage platforms appear between 1.5 and
0.5V, attributing to the reaction of Li* insertion into Co3;O,4 and
the creation of irreversible SEI layers. The initial discharge and
charge-specific capacities are 1653 and 998.5 mA h g, respec-
tively, with an initial Coulomb efficiency of about 60%, and the
inevitable capacity loss can be ascribed to the creation of SEI
layers and incomplete insertion of Li in the electrodes [57]. In
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the next discharge curve, only two discharge voltage platforms
are observed at around 1.5 and 0.75V, corresponding to the
reaction of Li* insertion into Co3;O4. During the charging pro-
cesses, two distinct voltage platforms can be observed at about
1.1 and 2.1 V, which are attributed to the recombination of Co
and Li,O into Co3;04 and Li* [58], respectively. The discharge-
and charge-specific capacities of the second cycle are 967.6 and
902.3 mA h g7', respectively, with a corresponding Coulomb
efficiency of 93%. Moreover, the reversible specific capacity of C/
Cu@Co30, gradually increases from the second cycle onward.
The increase in reversible capacity during the discharge/charge
cycles is a characteristic feature of the metal oxide anode
materials. This can be explained by the gradual activation pro-
cesses and the reversible reaction of the polymer gel-like film
between the metal particles and the electrolyte [58,59].

The C/Cu@Co30, electrode exhibits an excellent rate perfor-
mance at various discharge/charge current densities. As illu-
strated in Fig. 5c, the C/Cu@Co;0; electrode exhibits high
average charging capacities of 1140, 1050, 938, 867, 730, and
616 mA h g™! at the current densities of 100, 200, 500, 1000,
2000, and 5000 mA g™, respectively. Even after discharge/charge
processes at different current densities, the C/Cu@Co30; elec-
trode could maintain a stable and high charge-specific capacity
of ~970 mA h g™ when the current density was dropped to
100 mA g™ again, suggesting the superior cyclic stability and
reversibility of the electrode. However, in contrast, the pure
Co0304 NS electrode exhibits low reversible specific capacity,
poor rate performance, and cycling stability. Furthermore, the
discharge/charge curves of the C/Cu@Co;04 electrode show a
significant sloping plateau at different current densities
(Fig. S11), attributing to the combined diffusion-controlled and
capacitive-controlled lithium storage mechanisms (Fig. S12).

4581



ARTICLES

SCIENCE CHINA Materials

The cycle performance of the C/Cu@Co;0, electrode was
examined at current densities of 100 and 1000 mA g~'. The
results of the Co;04 NS electrode were compared under identical
conditions as a control. Fig. 5d illustrates the cycling process of
the electrode at 100 mA g~ with an initial discharge and charge
capacity of 1511.2 and 1004.5 mA h g™ for the C/Cu@Co;0,4
electrode, respectively, with an initial Coulomb efficiency of
66.5%. During the next cycles, the Coulomb efficiency gradually
increases, reaches more than 98% after several cycles, and
remains stable, indicating a high cycle reversibility during the
charging/discharging processes. Throughout the cycles, we
observed that the specific capacity of the C/Cu@Co;0;, electrode
decreased slightly during the first 20 cycles and then gradually
increased to a relatively stable value. The decay of capacity in the
early stage is attributed to the volume expansion/contraction
caused by the Li* insertion/extraction processes, leading to the
continuous formation of SEI films on the new surface. As
charging and discharging cycles progress, the SEI films of Co;0,
NS tend to stabilize quickly. The presence of an adequate gap
between Co3O4 NSs that are immobilized on the C/Cu substrate
can effectively prevent the hierarchical structure from collapsing
and splitting [12]. The latter phenomenon of capacity increase is
common during the charge/discharge cycles of metal oxide
anode materials. This can be explained by the gradual activation
processes of the metal oxide and the reversible reaction of the
polymer gel-like film between the metal particles and the elec-
trolyte [58,59]. The discharge/charge cycling curve of the Co;04
NS electrode exhibits an increasing trend followed by a sub-
sequent decline. Finally, only 381 mA h g™' of the charge-spe-
cific capacity is retained after 200 cycles at a current density of
100 mA g~'. The increase in capacity during the first 10 cycles of
the Co304 NS electrode can be explained by its gradual activa-
tion. The rapid decay of capacity in the later cycles may be due
to the aggregation and crushing of Co;O4 NS during the cycling
process [60]. The vertically grown Co;O4 NS and their reason-
able distribution contribute to the advantageous multiscale pore
structure of the C/Cu@Co3;0,4 microspheres. The corresponding
electrode still has a reversible charge-specific capacity of
~907 mA h g™" after 200 cycles. Fig. 5e depicts its long-term
cycling curve to evaluate the cyclic lifetime of the electrode. The
specific capacity of the C/Cu@Co;0; electrode gradually
increases and then stabilizes at ~944 mA h g™ after decaying the
initial few cycles. Conversely, the reversible capacity of the
Co304 NS electrode decreases significantly during the first 60
cycles owing to the greater volume expansion/contraction of the
electrode at a high current density, which leads to a possible
rupture, peeling, and reorganization of the external SEI films
[61]. However, the reversible capacity of the Co;O4 NS electrode
gradually increases after about the 60th cycle, which can be
attributed to the gradual activation of the active material and the
creation of the polymer gel-like film [58,59]. To investigate the
capacity contribution of the C/Cu substrate and Co;O4 NS
during charge/discharge cycling, the cycling performances of C/
Cu electrodes were examined at current densities of 100 and
1000 mA g™, respectively. Fig. S13 shows that the C/Cu elec-
trode shows the specific capacities of only 266 and 173 mA h g™*
after 200 cycles at 100 mA g™' and 800 cycles at 1000 mA g™,
respectively, much lower than those of the Co;0, NS electrode.
Therefore, Co;0, NS mainly contributes to the specific capacity
of the C/Cu@Co;0, electrode. However, the C/Cu electrode
presents better cycling stability under low and high current
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densities. Thus, C/Cu@Co30, electrodes have both the high
specific capacity inherent in Co;0, NS and significantly
improved cycling stability compared with Co;04 NS electrodes.
The excellent cycling performance of C/Cu@Co3O4 can be
attributed to the robust and unique structure of C/Cu@Co304
which is responsible for its exceptional cycling performance,
where the vertically grown Co3O4 NS is uniformly distributed on
the inner and outer carbon walls of the C/Cu microspheres. By
the interconnected pore network of C/Cu substrates and the
ample space between the vertically grown Co;O4 NS, a consistent
Li* flux can be generated, and uniform electrochemical reactions
of Li* can occur on the interface of the active material [62].
Fig. Sl4a, b depict the SEM images of Co;O4 NS and C/
Cu@Co;0; electrodes in half-cells after cycling. Many irregular
and rough island-like lithium aggregates were observed on the
surface of the Co;O4 NS electrode after 200 cycles at 100 mA g™*
(Fig. S14a). The lithium deposition can be attributed to the
disordered stacking between the Co;O4 NS, leading to uneven
plating of lithium on the surface of NSs. Consequently, the
gradual deposition of lithium onto the NS results in the for-
mation of lithium aggregates that resemble irregular islands. The
C/Cu@Co304 microspheres possess a multiscale porous struc-
ture with a reasonable distribution of vertically grown Co;O4 NS
anchored on the surface as anode materials for LIBs. These
microspheres have good structural stability during cycling and
can reduce the local effective current density, thus forming a
uniform electric field and achieving uniform lithium plating
[61]. Therefore, the C/Cu@Co30, electrode has uniform lithium
deposition and exhibits dendrite-free morphology. As shown in
Fig. S14b, after 200 cycles at 100 mA g~!, Li was deposited
almost uniformly on the surface of the C/Cu@Co;0, electrode,
forming a relatively flat and smooth lithium layer. Consequently,
the C/Cu@Co;0, electrode shows an excellent cycling perfor-
mance.

We investigated the CV curves of the C/Cu@Co30;, electrode
at various scan rates (Fig. 6a) to further analyze the lithium
storage mechanism in the electrode. These curves retain the
same shape as the scan rate increases, but their width widens.
Due to the polarization effect, the reduction peak shifts down-
ward, and the oxidation peak moves upward in the CV curves
with increasing scan rates. This is caused by the unavoidable
resistance between potential and current [63]. After eliminating
the effect of polarization effects, the current could be separated
to diffusion-controlled contribution and pseudocapacitive con-
tribution, which are calculated through a series of data proces-
sing using Equations (5) and (6) [40]:
i=at, (5)
log(i) = blog(v) + log(a), (6)
where i and v represent the peak current and scan rate,
respectively, and a and b represent constants. The b value can be
obtained from the slope of the fitted straight line of log(i) vs.
log(v). The surface-controlled pseudocapacitive process dom-
inates the electrochemical reaction if the b value is close to 1.0. If
the b value is near 0.5, the diffusion-controlled Li* insertion
process dominates the electrochemical reaction. The b values
calculated for the anodic and cathodic processes are 0.76 and
0.78 (Fig. 6b), respectively, indicating that both the capacitive
and diffusive mechanisms contribute to the capacity of the C/
Cu@Co;0; electrode. To quantitatively distinguish the propor-
tional contributions of diffusive capacity and capacitive capacity,
Equations (7) and (8) were used [40].
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i= k]Vl/Z + kz‘l/, (7)
i/VI/Z = kl + kz'l/l/z, (8)
where k; and k, represent variable constants, k;v"/? is the con-
tribution of diffusivity control, and k,v represents the con-
tribution of capacitive control. Furthermore, the darkened area
in the voltammogram can be calculated as the specific capacitive
contribution using the method introduced by Dunn’s group
[64]. At a scan rate of 5.0 mV s7%, the capacitive contribution of
the C/Cu@Co30; electrode is 84.3% according to the darkened
area in Fig. 6¢c. The specific capacitive contribution of the C/
Cu@Co30; electrode at various scan rates is shown in Fig. 6d.
For scanning rates of 0.2, 0.4, 0.6, 0.8, 1, 2, and 5mV s7', the
percentage of the capacitive contribution of the C/Cu@Co;0,
electrode is obtained to be 49%, 63%, 70%, 72%, 75%, 78%, and
84%, respectively. As the scan rates increase, the capacitive
contribution of the C/Cu@Co30; electrode gradually rises. Thus,
diffusive capacity dominates the capacity composition of the C/
Cu@Co30; electrode at a lower scan rate. However, at a higher
scan rate, the capacitive contribution of the C/Cu@Co30; elec-
trode rises, indicating that the distinctive structure of C/
Cu@Co30; facilitates surface-induced lithium storage at high
current densities. Specifically, the introduction of the C/Cu
carbon substrate, which provides a large specific surface area and
enhances the conductivity for the surface-controlled capacitive
process, is primarily responsible for the high capacitive con-
tribution [65].

The charge transfer behavior and Li* diffusion kinetics in the
electrode materials were evaluated using EIS tests. Fig. 6e
describes the EIS curves of C/Cu@Co3;0,4 and Co3;04 NS cells
after 15 cycles. Due to the rebalancing between SEI film resis-
tance and charge transfer, all EIS curves show a semicircle in
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both the high and mid-frequency ranges and a linear Warburg
tail in the low-frequency range, attributed to the solid-state
diffusion of Li* in the electrode material [66]. The semicircles in
the mid- and high-frequency ranges are separated into charge
transfer resistance (R.) and SEI resistance (Ry) via the equivalent
circuit model in Fig. 6e, and the fitting results are presented in
Table S2 [67]. After 15 cycles, the SEI film of the electrode
material was fully formed and stabilized, and the R value of the
C/Cu@Co;04 electrode (67.3 Q) was substantially lower than
that of the Co3O4 NS electrode (126.5 2), showing that the C/
Cu@Co30; electrode has a higher charge transfer rate.

To further analyze the diffusion behavior of Li*, the diffusion
coefficient of Li* (Dy;) in the electrode can be investigated as
follows [66]:

Dy = R*T*2A*n*F'C*¢%, )
where A is the surface area of the electrode, C is the con-
centration of Li*, F is the Faraday constant, n is the number of
electrons involved in the reaction, T is the absolute temperature,
and R is the gas constant. Additionally, ¢ is the Warburg coef-
ficient, which can be calculated from the slope of the straight line
fitted between w™"? and Z,. in the low-frequency ranges. Spe-
cifically, this can be determined by Equations (10) and (11):

Ze = R + ow™?, (10)
w = 2mf. (11)

Notably, Dy; is positively correlated with 1/6%. From the fitting
results in Fig. 6f, the slope for the C/Cu@Co;0;, electrode is 239,
which is lower than that of the Co3;O4 NS electrode (976).
Consequently, under the same circumstances, the diffusion
coefficient of Li* of the C/Cu@Cos0, electrode is 16.7 times
higher than that of the Co;O4 NS electrode. This enhanced ion
diffusion coefficient is attributed to the multiscale pore structure
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and uniform distribution of Co3O0, NS on the C/Cu micro-
spheres. This unique structure provides numerous diffusion
channels, shortens the distance of Li* diffusion, and enlarges the
contact area between the electrolyte and the electrode. The
vertically grown mesoporous Co;O4 NS anchored on the porous
microspheres provides sufficient pores for Li* transport and
prevents the aggregation of Co;04 NS during the charging/dis-
charging cycles. Simultaneously, the C/Cu matrix considerably
improves the conductivity of the electrode materials and facil-
itates the diffusion kinetics of Li* [68].

As shown in Fig. S15 and Table S3, the electrochemical per-
formance of the C/Cu@Co;0, electrode is superior to those of
reported Co3O4/carbon materials in various forms. Regarding
lithium storage, the C/Cu@Co;0, electrodes developed in our
work exhibit outstanding long-cycle stability, high reversible
charge-specific capacity, and excellent rate performance, owing
to the synergistic influence of the hierarchical structure of the C/
Cu microspheres and the reasonably distributed Co3O4 NS. First,
the multiscale structure of microspheres provides a large specific
surface area, which enlarges the contact area between the elec-
trolyte and the electrode and accelerates the diffusion of Lif,
thereby accelerating the redox reaction. Second, the network of
the interconnected pores of microspheres and the sufficient
space between the interlaced Co;04 NS can buffer the volume
expansion/contraction of the electrode during discharge/charge
cycles. Finally, due to the strong interaction force between the C/
Cu matrix and Co;04 NS, the exfoliation and agglomeration of
Co30; can be effectively impeded during the charging and dis-
charging processes. Therefore, the C/Cu@Co;0, electrode
demonstrates enhanced electrochemical performance.

CONCLUSIONS

In this work, composite microspheres firmly coated with verti-
cally aligned and interlaced Co;O4 NS were synthesized using C/
Cu microspheres with a multiscale structure as the substrates.
When used as an anode material for LIBs, the interpenetrating
porous structure of C/Cu@Cos;0O; microspheres facilitates the
penetration of electrolyte, accelerates charge transfer, increases
the electrolyte/electrode interface, promotes fast reaction, and
mitigates the volume expansion/contraction of the electrode
during discharge/charge cycles. Moreover, the N- and Cu-doped
chitin-derived carbon substrate facilitates the conduction of
electrons and enhances the electrical conductivity of the elec-
trode material. Owing to exceptional properties, the C/
Cu@Co30,4 microspheres exhibit superior long-cycle stability,
high reversible charge-specific capacity, and excellent rate per-
formance when applied as anode materials for LIBs, with the
specific capacity of ~907 mAhg™ at a current density of
100 mA g™! after 200 cycles and ~944 mA h g™ at a current
density of 1000 mA g™! after 800 cycles. Therefore, the present
research establishes a promising method for designing carbon/
TMO hybrids with a hierarchical structure as high-performance
electrode materials.
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