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Abstract: Hierarchical porous Co3Os4 spheres were synthesized by a solvothermal method followed by high-temperature
calcination. XRD, SEM, TEM and electrochemical tests were used to study the structure and performance of the
hierarchical porous Co3O4 spheres. The results show that the Co3;O4 synthesized at a calcination temperature of 700 °C
(C0304-700) is micro-sized spheres (1—2 um) consisting of plentiful nanoparticles (50—200 nm) and numerous pores
(~100 nm). Due to its numerous porous morphology, the Co304-700 anode exhibits the highest cycling performance
with excellent reversible discharge and charge specific capacities of 745 and 755 mA-h/g at the current density of
100 mA/g after 100 charge—discharge cycles, respectively.
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1 Introduction

Nowadays, lithium-ion batteries (LIBs) have
been applied in all aspects of life due to the
continuous exhaustion of non-renewable fossil
energy. With the rapid development of portable
devices (mobile phones, computers, etc.) and
electric vehicles, it is urgent to explore for the
high-powered and stable anode materials for
LIBs [1-3]. Graphite [4] is the conventional anode
material, whose theoretical specific capacity is
much lower than that of transition metal
oxides (FeO, [5,6], MnO;x [7,8], CoO; (C030s4,
890 mA-h/g) [9—11], and SnO [12,13] etc.). Among
these, Co304 is widely regarded as a potential anode
candidate material on account of its high theoretical
specific capacity, natural abundance and excellent
electrochemical performance (accommodating 8

lithium atoms per unit) [11]. However, the large
volume expansion and poor electrical conductivity
of Co304 anode cause inferior cycling properties.
Shortening the size of particles and preparing
porous structure are two effective methods to solve
these problems. The nanoparticles increase the
contact area of electrode and electrolyte, shorten the
Li" transport channel, thus enhancing the electro-
chemical properties of anodes [14]. However, the
nanoparticles are easy to agglomerate, which
causes the pulverization of the electrode [15,16].
The porous structures, which provide the
accommodation for repeated Li" intercalation/
deintercalation, also play a role in solving volume
expansion and strengthening electrochemical
stability [17]. Various strategies are used to prepare
mesoporous Co30s4. For example, LI et al [18] used
a ligand (4,5-imidazole-dicarboxylic acid) to
prepare nanostructure precursor (1D), and finally
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obtained mesoporous Co304/NC nanowires. SHIN
and LEE [19] synthesized mesoporous Co030s
hollow spheres using their preparation carbon
sphere@Co-glycolate as precursor. LI et al [20]
synthesized mesoporous Co3O4 by a spray pyrolysis
process using CoCly’6H,O as the precursor in
oxygen atmosphere, which showed a high
specific capacity (1340 mA-h/g after 50 cycles at
200 mA/g). A  hierarchical structure, nano/
microstructure, is proposed to efficiently reduce the
agglomeration of nanoparticles and prepare the
porous structure. Nowadays, no research reported
the control of the size of pores by solvothermal
method combined the calcination, which is low-cost
and uncomplex.

In this work, a modified solvothermal method
followed by a high-temperature treatment was
utilized to control the pores’ size of Co3;Os4 and
therefore enhance its electrochemical stability. The
microstructures and phases of the synthesized
porous Co304 were investigated by XRD,
SEM, and TEM. The influence of microstructure
on charge and discharge performance was
characterized by electrochemical tests.

2 Experimental

2.1 Synthesis of CoCO3 and Co0304
2.1.1 Synthesis of micro-sized spherical CoCO;

0.476 g cobalt chloride (CoCl,'6H,0O) and
3.95 g ammonium bicarbonate (NH4sHCO3) were
added to 60 mL 1,2-propanediol. The solution was
stirred with a magnetic stirrer and then transferred
to a 100 mL Teflon-lined stainless steel autoclave
and placed at 190 °C for 20 h. The products after
centrifugation were kept at 60 °C for 12 h in the
blast drying box. The pink CoCOs; powder was
obtained.
2.1.2 Synthesis of hierarchical porous Co3O4

The gained CoCO; powder was placed
equably in a ceramic crucible, heated from room
temperature to 500 and 700 °C and kept for 5 h,
respectively. When the oven was cooled, black
powders were obtained. The powders conciliated at
500 and 700 °C were noted as Co0304-500 and
C0304-700, respectively.

2.2 Materials characterization
The chemical compositions of CoCOs and
Co0304 powders were characterized using the X-ray

diffraction (XRD) experiment on Rigaku D/max
2500 (4=0.15405 nm). The samples were scanned at
a speed of 8 (°)/min and 26 values from 5° to 80° to
obtain the XRD patterns, which should be
compared with the standard PDF card. A Fourier
transform infrared (FTIR) pattern was received
using a Nicolet Nexus 670 FTIR spectrometer. The
microstructure patterns of micro-sized spherical
CoCO3 and micro/nano-sized Co3O4 were obtained
on the scanning electron microscope (SEM, Nano
SEM 230, FEI, America). The transmission electron
microscope (TEM, Tecnai G2 F20, FEI, America)
revealed the inner crystal structure of Co3;O4 and
CoCO; powders.

2.3 Electrochemical tests

The slurry was composed of the active
material (pure Co304, 70 wt.%), conductive agent
(acetylene  black, 20wt.%) and  binder
(polyvinylidene fluoride, 10 wt.%). This slurry was
coated evenly on the copper clad, dried at 110 °C
for 12h. The three-component electrolyte was
composited by ethylene carbonate (EC), diethylene
carbonate (DEC) and dimethyl carbonate (DMC) in
the same volume. A cyclic voltammogram (CV)
curve was characterized on an electrochemical
workstation (CHI604E). The parameters were set at
the voltage of 0.01-3 V and the scanning speed of
0.1 mV/s. A galvanostatic charging and discharging
process characterized the cyclic performance of
anodes on the Land automatic battery tester
(CT2001A, Wuhan, China). The voltage range was
identical to the parameter of CV curve. The charge
transfer property of Co304-500 and Co0304-700
anodes was analyzed by electrochemical
impendence spectroscopy (EIS, IM6ex) measurement.
The parameters were set at the frequency of
100 kHz—10 mHz and the scanning speed of
0.5 mV/s.

3 Results and discussion

3.1 Phase component and microstructure

Figure 1 illustrates the XRD patterns of
precursor CoCOs and synthesized Co0304-500 and
C0304-700. The peaks of Co304-500 and Co304-700
are located at 26 values of 31°, 36° and 38°,
corresponding to the (220), (311) and (400) planes
of the standard Co304, which confirms the
successful preparation of the pure Co304-500 and
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Fig. 1 XRD patterns of micro-sized CoCO; and
hierarchical porous Co0304-500 and C0304-700

C0304-700. The peak of Co304-700 located at 26
values of 36° is visibly sharper than that of
C0304-500, which illustrates high crystallinity. The
peaks of CoCOs at 26 values of 25°, 32° and 38°
correspond to the planes (012), (104) and (110),
respectively [11,21]. The XRD results display that
CoCO3;, C0304-500 and Co0304-700 powders are
obtained without any impurities.

The SEM images were utilized to characterize

morphologies of CoCO3, Co304-500 and Co304-700.
Figures 2(a, b) demonstrate that the morphology of
CoCO3; powders is composed of micro-sized
spheres (1—2 pm) and nano-sized platelike surface.
C0304-500 and Co0304-700 powders consist of
micro-sized spheres similar to those CoCOs
powders. These micro-sized spheres of Co0304-500
and Co0304-700 comprise nanoparticles and pores
as shown in Figs. 2(c—f). The nanoparticles and
pores of Co0304 are derived from the escape of
carbon dioxide in CoCOs during the heat treatment
process [15]. The pores size (~100nm) of
C0304-700 is obviously larger than that of
C0304-500. The reason for the growth of
nanoparticles is the adsorption of the monomer
from the small curvature nanoparticles, which are
derived from the dissolution of the large curvature
nanoparticles in the process of high-temperature
calcination according to the Ostwald ripening
mechanism [22]. As these nanoparticles grow, the
pores size of Co3z0s increases.

Furthermore, the TEM and HRTEM images
are used for further characterizing the micro-
structure of Co0304-700. As for Co0304-700, its
particle size is about 2 um, which consists of
nanoparticles (50—200 nm) and numerous pores,
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well-matching with the SEM images as displayed in
Fig. 3(a). The HRTEM image shows that lattice
fringe of hierarchical porous C0304-700 is 0.47 nm
matching to (111) plane as manifested in Fig. 3(b).

3.2 Electrochemical performance

Electrochemical tests were utilized for
characterizing the effect of unique morphology on
electrochemical properties. The first three CV
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curves of Co0304-500 and Co304-700 anodes are
demonstrated in Figs. 4(a,b). The peaks of
C0304-500 and Co0304-700 located at 0.855 and
0.852 V are corresponding to the reduction
conversion process from Co®" and Co*" into Co
(Reaction (1)) in the first anodic curve,
respectively [22]. The corresponding oxidation
peaks appear at 2.057 and 1.949V, indicating
that Co has converted to CoO (Reaction (2)),
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Fig. 3 TEM (a) and HRTEM (b) images of hierarchical porous C0304-700
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Fig. 4 The first three CV curves of C03;04-500 (a) and Co0304-700 (b), and charge—discharge profiles of Co0304-500 (¢c)

and Co304-700 (d)



Yan FENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1253—1260 1257

respectively [23]. Among these three curves, the
first curve distinguishes from the other curves,
deriving from the formation of a solid electrolyte
interface (SEI) film. The well overlapping of other
curves indicates the reversible transformation
between Co and CoO. The oxidation peak activity
of C0O304-500 located at 2.057 V is significantly
greater than that of Co0304-700 located at 1.949 V
because small size nanoparticle increases the
contact area between electrode and electrolyte. The
voltage variation of the Co304-500 and C0304-700
anodes is consistent with the CV curve in the
current charge—discharge voltage file of 500 mA/g
shown in Figs. 4(c, d). The platforms of Co0304-700
located at 0.88 and 1.95V correspond to the
reversible conversion reactions between cobalt
oxide and cobalt as displayed in Fig. 4(d).
Compared with that of Co0304-500, the overlapping
of C0304-700 anode is higher after 100 charge—
discharge processes, and the chemical reaction of
C0304-700 anode is more invertible, which explains
that the effect of pores size on electrochemical
performance is greater than that of grains size.

C0304+8Li=3C0+4Li,0 (1)
Co+Li;0=CoO+2Li )

Figure 5(a) illustrates the cyclic properties of
C0304-500 and Co304-700 at 100 mA/g. In the 1st
cycle, the discharge capacity of Co0304-500 and
C0304-700 is 1416 and 1095.5 mA-h/g, respectively.
The specific capacity of C0304-500 is higher than
Co0304-700 due to Co3;04 nanoparticles, which
improves the specific surface of the particle and
increases the contact area between electrode and
electrolyte (Fig. 3(a)) [21]. The capacity attenuation
is due to the formation of SEI films and electrolyte
decomposition in the Ist stage as shown in
Fig. 5(a) [24]. Co0304-700 anode has higher
reversible discharge and charge capacities of 745
and 755 mA-h/g than those (529 and 526 mA-h/g)
of Co0304-500 due to its large pores size, which
increases the length of lithium-ion transmission
path [25]. After long-term cycles, the discharge
capacity of Co0304-700 remains 230 mA-h/g at a
large current density (2000 mA/g) as displayed in
Fig. 5(b), which exhibits excellent cycling stability.
More significantly, when the current densities are
set to be 50, 100, 200, 300, 500 and 1000 mA/g, the
capacities of C0304-700 anode are 599.4, 507.9,
474.6,499.5, 482.9 and 399.6 mA-h/g, respectively.
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Fig. 5 Cyclic property of 100 mA/g (a), long cycle
performance at 2000 mA/g (b), and rate property (c) of
hierarchical porous C0304-500 and Co304-700

The capacity of Co0304-700 anode recovers to
818.6 mA-h/g when the current density returns
to 50 mA/g as demonstrated in Fig. 5(c). JING
et al [26] synthesized the microflow Co3;04, whose
porous structure provides charge storage space.
Therefore, the microflow Co3;O4 has excellent rate
performance (The capacity of Co3O4anode recovers
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to 765 mA-h/g when the current density returns to
200 mA/g). Co304-500 and Co304-700 lie in the
size of the nanoparticles and the pores. Compared
with Co0304-500, the larger nanoparticle size of
C0304-700 is not conducive to the increase of the
contact area between electrode and electrolyte, but
it has better cycling performance. It is obvious that
the rate performance of Co0304-700 is superior to
that of Co0304-500, which illustrates that the large
pore size is an important influence factor on the rate
performance. MULE et al [27] synthesized porous
structure on nickel plate, resulting in excellent rate
performance. Table 1 shows the comparison of
the cycling properties of Co3Os-based anodes at
100 mA/g.

Table 1 Comparison of cyclic properties of Co3Os-based

anodes
Active Curr@t Sp eqﬁ ¢ Cycle
material density/  capacity/ number Ref.
(mA-g") (mA-h g™
Co0304 nanotube 250 856.4 60 [28]
Graphene-
embedded Co30s 100 990.8 100  [10]
Co0304 /Ni 100 748.7 100  [10]
Flower-like
S$nS/Co30s 100 715 100 [29]
C0s0s 50 585.6 200 [30]
nanoparticles
Hierarchical .
porous 100 755 120 &i
C0304-700

EIS measurement was utilized to observe the
conductivity and charge transfer properties of
C0304-500 and Co0304-700 anodes (Fig. 6). The
Nyquist plot is divided into two parts (a semicircle
and a line). The semicircle represents the region of
high frequency, which is determined by the
resistance transfer (Ri) and the
impedance of SEI films; the straight line shows the
region of low frequency formed by lithium-ion
diffusion [31,32]. The Rc of Co0304-700 anode is
about 290 Q, and R.; of C0304-500 anode is about
670 Q as displayed in Fig. 6. The R of Co304-700
anode is evidently small as hierarchical porous
structure shortens the lithium-ion transport channel.
This suggests that hierarchical porous Co304-700
anode has excellent charge transfer property.

of charge
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Fig. 6 Nyquist diagrams of hierarchical
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4 Conclusions

(1) Hierarchical porous Co30s spheres were
prepared via a solvothermal method combined with
heat treatment. The micro-sized (1-2 um) spheres
of C0304-700 consist of nano-sized (50—200 nm)
particles. The hierarchical morphology increases the
contact area of electrode and electrolyte, weakens
the aggregation of nanoparticles and relieves the
volume expansion.

(2) The unique morphology and reversible
reactions result in electrochemical
stability. Specifically, a reversible specific capacity
(755 mA-h/g) of Co0304-700 is achieved when
the current density is 100 mA/g after 100 charge—
discharge cycles. The specific capacity of
Co0304-700 anode recovers to 818.6 mA-h/g when
the current density backs to 50 mA/g, which
manifests superior rate property.

excellent
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1 OE: KRR S SRR 4 A & 2 6L Cos0s 3K, KA XRD. SEM. TEM FIHAL MR EHAR
WHFE1% 2 AL CosOa IR G ATERE . G5 MIBURILZ Y 700 'CH, Pr& B Co304(Co304-700)2 H1
B IR RURL(50~200 nm) MK & FLIF(~100 nm)F A OR ZER(1~2 pm); 1% Co304-700 FiA A4 KL EAT 87 ATig
MR A B, RIS IIEFAERE . 72 RS E N 100 mA/g S T 7RI 100 J8 5 78 OB LU A 843 5l h 745
F1 755 mA-h/g.
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