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Co304, as a promising anode material for the next generation lithium ion batteries to replace graphite, displays
high theoretical capacity (890 mAh g™') and excellent electrochemical properties. However, the drawbacks of its
Co304 poor cycle performance caused by large volume changes during charge-discharge process and low initial
Microfibers coulombic efficiency due to large irreversible reaction impede its practical application. Herein, we have
A.nofie . . developed a porous hollow Co304 microfiber with 500 nm diameter and 60 nm wall thickness synthesized via a
Lithium ion batteries . . e e . s el
facile chemical precipitation method with subsequent thermal decomposition. As an advanced anode for lithium
ion batteries, the porous hollow Co304 microfibers deliver an obviously enhanced electrochemical property in
terms of lithium storage capacity (1177.4 mAh g™' at 100 mA g™, initial coulombic efficiency (82.9%) and
cycle performance (76.6% capacity retention at 200th cycle). This enhancement could be attributed to the well-
designed microstructure of porous hollow Co30,4 microfibers, which could increase the contact surface area
between electrolyte and active materials and accommodate the volume variations via additional void space

during cycling.

1. Introduction

Lithium-ion batteries (LIBs) are the most popular power sources
for electric vehicles, hybrid electric vehicles and portable electronic
devices because of their high energy, high voltage, no memory effect,
and long service life, etc. [1-9]. During the process of seeking LIBs
with high performance, transitional metal oxides with superior theore-
tical capacities compared to commercial graphite, such as Co304 [10—
30], Fe,0O3 [31-34], SnO, [35,36], and etc., are considered to be
promising anode materials because of their excellent physical and
chemical properties. Especially for Coz04, as one of the most promising
anode material for the next generation LIBs to replace graphite,
displays excellent electrochemical properties and high theoretical
capacity (890 mAhg'l) [10]. However, the drawback of its poor
capacity retention caused by large volume changes during cycling
frustrates its practical application [10—13]. To overcome the disadvan-
tage of Co30, as anode, various nanostructures of Co3O, have
previously been fabricated, such as nanoparticles [16,17], nanofibers
[18-23], nanoboxes [14], nanotubes [25], nanosheets [26—29], and
nanocages [30]. Among these materials, one-dimensional (1D) cobalt
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oxides have received growing attentions. It is well known that 1D
geometries with a highly accessible surface area allow efficient 1D
electron transport along the longitudinal direction [19]. On the other
hand, metal-organic frameworks (MOFs) are a class of organic-
inorganic functional hybrid with large surface area and high porosity.
The morphologies and pore sizes of MOFs can be tuned upon the
selection of different organic bridging ligands and transition metal
ions, and the porosity can offer a fast and convenient access to income
and leave small molecules and ions in the transformation process [37—
41]. Recently, MOFs as sacrificial templates have been designed to
fabricate porous metal oxides or carbon nanostructures through
thermal decomposition under controlled temperature and atmospheres
[37-42]. Porous hollow structure could shorten Li* ion diffusion
lengths, accommodate the volume variations, and improve the surface
area between electrode and electrolyte during cycling [43,44].
However, some formed porous CozO,4 products failed to maintain
original morphologies of the precursor, probably due to a lack of
suitable templates or optimal synthetic conditions [5]. Therefore, it is
still a great challenge to synthesize porous hollow Co304 with high
surface area and specific morphology as anode materials for high
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performance lithium ion batteries.

Herein, we firstly report on the porous hollow Co304 microfibers
synthesized via a facile chemical precipitation method followed by the
thermal treatment. The chemical precipitation is a promising method
to synthesize materials due to its advantages such as lower cost, less
equipment requirements and easily controllable and scalable process
[10,11]. The designed microstructure of porous hollow Co30, micro-
fibers could increase the contact surface area between electrolyte and
active materials, and accommodate the volume variations via addi-
tional void space during cycling, resulting in the obvious improvement
in lithium storage capacity and cycle stability.

2. Experimental section
2.1. Preparation of porous Coz04 microfibers

In a typical synthesis, 1 mmol cobalt (II) acetate monohydrate and
0.5 mmol L-glutamic acid were dissolved in 40 ml deionized water and
stirred at ambient condition for 30 min. After that, 0.67 mmol 1, 3, 5-
benzenetricarboxylic acid dissolved in 30 ml of ethanol was poured into
the above solution under stirring. The solution turns turbid due to the
formation of cobalt-based metal organic frameworks (Co-MOF) pro-
duct. After stirring for 24 h at ambient condition, the pink precipitates
were collected by centrifugation and washed three times with ethanol
and distilled water. Then the Co-MOF product was dried and subse-
quently heated in a tube furnace under air flow with a ramp rate of
2°Cmin~'. It was maintained at 550 °C for 2h and then naturally
cooled down. The obtained sample was denoted as porous hollow
Co304 microfibers.
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Fig. 1. SEM images of Co-MOF microfibers in low (a) and high (b) magnification. SEM images of porous Coz0,4 microfibers in low (¢) and high magnification (d).

2.2. Materials characterization

The morphologies and structures of the Co3;04 product were
characterized with SEM (JEOL, JSM-6700F, 5 kV) and X-ray diffrac-
tion analyzer (Shimadzu XRD-6000 diffractometer using Cu-Ka radia-
tion (0.15406 nm)). Energy-dispersive X-ray (EDX) analysis was
performed on the Co30,4 product using the energy-dispersive X-ray
spectroscopy attached to the JSM-6700F. The BET surface area was
calculated from nitrogen adsorption data determined at 77 K using an
ASAP 2020 surface analyzer. X-ray photoelectron spectroscopy (XPS)
of the product was performed on a Perkin-Elmer model PHI 5600
system with a monochromatic Ka radiation (1486.6 eV) X-ray source.

2.3. Electrochemical measurements

For the preparation of the working electrodes, the porous hollow
Co30,4 product (80 wt%), Super P (10 wt%), and polyvinylidene fluor-
ide binder (10 wt%, Aldrich) were mixed and dissolved in N-methyl-2-
pyrrolidinone to form a slurry. The slurry was coated on clear copper
foil and dried at 80 °C in a vacuum oven for overnight. The active mass
loading on the electrode is about 0.91 mg cm™2. 2032 coin-type half-
cells, the porous hollow Coz0,4 product as working electrode, lithium
foil as counter electrode, a Celgard 2250 film as separator and 1 M
LiPF¢ in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 vol%) as
electrolyte, were fabricated to evaluate the electrochemical properties
using a battery cycle tester (LAND CT-2001A, Wuhan, China). Cyclic
voltammetry (CV) measurements were performed on the Co304
product as working electrode using an electrochemical workstation
(CHI 660E, Chenhua Ltd. Co., China) between 3.0 and 0.01 vs (Li/Li*)/
V at a sweep rate of 0.2 mV s~!. Electrochemical impedance spectro-
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Fig. 2. Schematic of the fabrication procedure of porous Co;04 microfibers. (a)
Materials. (b) Co-MOF microfibers. (¢) Formation of Co30,4 at the shell of Co-MOF in
the thermal oxidation process. (d) Continual growth of Co3;04 microfibers from Co-MOF,
which involves the nonequilibrium inter-diffusion, volume loss, and release of N, and
CO,, and eventual formation of the porous Co30,4 architectures.
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Fig. 3. (a) XRD patterns of the porous Co;04 microfibers. (b) N, adsorption-desorption
analysis of porous Co30,4 microfibers.

scopy (EIS) tests were measured on an electrochemical workstation
(Autolab PGSTAT 302N) operating in the frequency range of 0.01-
10° Hz with ac amplitude of 10 mV.

3. Results and discussion
3.1. Characterizations of porous hollow Co304 microfibers

Fig. 1 exhibits the SEM images of Co-MOF and Co30, product. As
seen in Fig. 1a and b, the Co-MOF fibers exhibit a long and straight
morphology with about 600 nm diameter. After thermal treatment, the
average diameter of porous hollow Co30, microfibers is about 500 nm
(Fig. 1c), and the diameter distribution is narrow (Fig. S1). It is very
interesting that the diameter of the porous hollow Co304 microfibers is
smaller than that of its precursor Co-MOF. The particle size reduction
was mainly caused by removing the organic parts during calcination.
Owing to the volume loss and release of internally generated CO, and
N, in the process of inter-diffusion, Co304 microfibers with 60 nm wall
thickness form porosity and hollow morphology (Fig. 1d) [45,46]. In
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Fig. 4. XPS spectra of Coz04: (a) full survey scans spectrum. (b) Co2p peaks. (c) Ols
peaks.

order to further check whether Co and O are in the as-prepared
product, EDX analysis attached to SEM was also carried out (Fig. S2).
The EDX spectrum in Fig. S2 confirms that the product contains Co
and O elements, and no other elements are detected. The fabrication
procedure of the porous hollow Co304 microfibers is exhibited in Fig. 2.

Fig. 3a shows the XRD patterns of the porous hollow Co304
microfibers. The dominant diffraction peaks can be indexed to the
cubic phase of Coz04 (JCPDS No. 03-065-3103). Characteristic peaks
at 31.30°, 36.86°, 44.82°, 55.84°, 59.37°, and 65.35° correspond to the
(220), (311), (400), (422), (511), and (440) diffraction planes, respec-
tively [10]. No significant impurities or other phases were observed,
which are consistent with the results of EDX. The surface areas and
pore structures of the porous hollow Co304 product were further
investigated using N, adsorption-desorption measurement. As seen in
Fig. 3b, the adsorption isotherm forms a distinct hysteresis loop over
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Fig. 5. (a) The discharge/charge voltage profiles of porous Co3;04 microfibers as anode in
the range of 0.01-3.0 vs (Li/Li*) V at 100 mA g~* rate. (b) CV profiles for porous Co30,
microfibers at a sweep rate of 0.2 mV s™'.

the range of 0.45<P/Py<0.95, showing the typical mesoporous
characteristics of Co30,4 microfibers [29]. The BET surface area and
total pore volume of the porous Coz04 microfibers were calculated to
be 38.5 m? g~! and 0.27 ecm® g1, respectively. The larger surface area
endows porous hollow Coz04 microfibers with more lithium storage
sites, while the mesoporous microstructure can facilitate the transpor-
tation of electrolyte molecules and Li* ions and relieve the volume
change of the electrode materials during cycling. It can be expected that
the porous hollow Co304 microfibers could deliver higher specific
capacity and excellent capacity retentions.

In order to explore the surface component of the products, XPS of
Co30,4 were measured. As exhibited in Fig. 4a, the peaks on the full
patterns are mainly attributed to Cls (285.5 eV), Ols (529.9 eV) and
Co2p (794.5 and 779.7 eV), showing the existence of carbon, oxygen,
and cobalt element. It should be noted that the lower peak for Cls
binding energy suggests that the products consist of C elements, which
is from a small amount of residue of the decomposition of organic
ligands. This phenomenon is very similar to previous report [11].
Fig. 4b shows that the Co2p XPS spectra present two major peaks
centered at 794.5 and 779.7 eV, which can be attributed to Co2p1/2
and Co2p3/2 of the Co30,4. The O1s spectrum in the Fig. 4c also exhibit
two peaks at 529.9 and 531.2 eV, indicating the lattice oxygen of spinel
Co304 [11]. The XPS results are consistent with those of EDX and
further prove that the as-synthesized product is Co30,.

3.2. Electrochemical performances of porous Co30, microfibers

The electrochemical performance of porous hollow Co304 micro-
fibers as anode for LIBs was evaluated by a standard half-cell testing
system. Fig. 5a displays the discharge/charge curves of porous hollow
Co30,4 microfibers for the first two cycles in the range of 0.01-3.0 vs
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Fig. 6. (a) Cycle performances for porous CozO4 microfibers as anode at a rate of
100 mA g™, (b) Rate capabilities of porous Coz0, microfibers as anodes for LIBs at
different rates.
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Fig. 7. EIS spectra of porous Co304 microfibers as anode for LIBs before cycling and
after 100 cycles.

(Li/Li*) V. In the first discharge step, the porous Co304 microfibers
exhibit a long voltage plateaus at 1.25V and short one at 0.8V,
followed by a sloping curve down to 0.01 V. And in the first charge step,
the Co30,4 exhibited a voltage plateaus at 2.25 V. The first discharge
capacity for Co30, is about 1177.4 mAh g1, which is much higher than
its theoretical capacity. This phenomenon is ascribed to the irreversible
reaction of Coz04 with Li* to form amorphous lithium oxide and a
solid-electrolyte-interface (SEI) layer during the first cycle, which is
very similar to those of transition metal oxides-based anodes [2,5-8].
The high surface area of the porous hollow Co30,4 microfibers might
also contribute to the high irreversible capacity. It should be noted that
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the porous hollow Co30,4 microfibers delivered a higher initial cou-
lombic efficiency (82.9%) than previous reports (73.8%) [19]. Fig. 5b
exhibits the CV curves of porous hollow Co30,4 microfibers in the first
three cycles scanned at 0.2 mV s~ within the voltage window of 0.01—
2.5 Vvs. Li/Li*. In the first cathodic scan, the peak at 1.26 V is ascribed
to the formation of a SEI film, which is accordance with the first
discharge curve. The 0.98 V peak is ascribed to the reduction reaction
of Co304 with Li* and the formation of Li,O. While in the charge
process, the anodic peak around 2.05V could be attributed to the
oxidation reaction of Co to Co30,4. During the second cycle, a cathodic
peak at 1.13 V and the corresponding anodic peak around 2.10 V are
observed, resulting from the decomposition and formation of Co304.
The electrochemical reactions for porous Coz04 microfibers as anode
are as follows:

Co304+8Li*+8e~-4Li,0+3Co’ 6]

8Li—8Li"+8e” (&3]

The capacity retentions and the coulombic efficiency of the porous
hollow Co30,4 microfibers are also evaluated by prolonging cycling over
200 cycles at a current density of 100 mA g~! between 0.01 V and 3.0 V
(Fig. 6a). As seen in Fig. 6a, the porous hollow Co304 microfibers still
delivered a charge capacity of 787.6 mA h g™! with capacity retention of
76.6% at 200th cycle, which is still much higher than the theoretical
capacity of commercial graphite and previous reported [19-21]. This
improvement may be attributed to the porous hollow microstructure of
Co304 microfibers with additional void space which could accommo-
date the volume variations during cycling. Rate capabilities are also an
important parameter for LIBs. Fig. 6b exhibits the rate capabilities of
porous hollow Co30,4 microfibers at different current densities ranging
from 100 to 1000 mA g! with each stage comprising 10 discharge/
charge cycles. As shown in Fig. 6b, porous hollow Co30,4 microfibers
exhibited decent capacity retention with an average charge capacity of
957.1,829.7 , 683, and 397.6 mA h g~! under the rate of 100, 200, 500
and 1000 mA g~!, respectively. It should be noted that the porous
Co30, microfibers delivered a 793.3 mA h g™! charge capacity when the
charge rate was returned to 100 mA g}, demonstrating the potential of
porous hollow Co30,4 microfibers as a high rate anode for LIBs. The
reason for this advanced performance may be that the 1D porous
nanostructures could shorten the transport pathways of lithium ions
and electrons, and reduce the diffusion length and resistance of the
electrolyte molecules, resulting in the enhancement of rate capability.

To further understand lithium-storage properties, EIS of porous
hollow Co304 microfibers were investigated on a fresh cell and after
100 cycles at 100 mA g%, as displayed in Fig. 7. The two Nyquist plots
consist of one semicircle in the high-frequency region and a straight
line in the low-frequency region. The semicircle portion is related to the
reactions occurring on the electrode-electrolyte interface, which reflects
the charge transfer impedance and SEI impedance. The larger the
diameter of the semicircle, the larger the charge transfer resistance. It
can be seen that the cell after cycling exhibit a smaller diameter of
semicircle than the fresh cell, showing that the fresh cell has the higher
charge transfer resistance. This result suggests that the higher diffu-
sivity of lithium ions with increasing charge-discharge cycles can
reduce the charge transfer resistance. In a word, the porous hollow
Co304 microfibers show excellent electrochemical property, which
could be explained as follows: firstly, the porous hollow microstructure
of Co304 product could shorten the diffusion length of Li* ions and
electrons resistance of the electrolyte molecules, resulting in improving
the electrochemical kinetics. Secondly, the porous hollow microstruc-
ture of Co3z04 product could increase the contact surface between
electrolyte and Co304 microfibers, thus improving the effective utiliza-
tion of electrode materials. Thirdly, the porous hollow microstructure
of Coz04 product could accommodate the volume variation via addi-
tional void space during charge-discharging cycle.
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4. Conclusions

In summary, porous hollow Co304 microfibers were firstly designed
and synthesized via chemical precipitation with subsequent thermal
treatment, a facile and scalable method. As an advanced anode for
LIBs, the porous hollow Co30, microfibers exhibit an obviously
enhanced electrochemical properties in terms of reversible capacity
and cycle performance. This improvement is mainly attributed to the
porous hollow microstructures of Co304 microfibers, which could
increase the contact surface area between electrolyte and active
materials and accommodate the volume variations of Cos30,4 active
material via additional void space during cycling.
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