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Abstract

Herein, a method of synthesizing Co,SiO4 at a low temperature of 900 °C is
reported. By synthesizing the precursor with a facile hydrothermal method and
post-annealing in air under the temperature of 900 °C, the C0,SiO4 with good purity
was attained. The C0,SiO4 nanoparticles were characterized by XRD, XPS and TEM
to analyze their structure and morphology. When evaluating their performance as the
anode materials for lithium ion battery, the Co0,SiO4-based electrodes were
investigated by cyclic voltammetry (CV), galvanostatic cycling and rate test. Such
electrodes display superior electrochemical performances, such as providing large
reversible capacity as high as 650 mAhg'l at the current density of 100 mAg'l after

100 cycles, excellent cyclic performance and good rate capacity.
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1. Introduction

Since commercialized in the 1990-s by Sony Corporationl, lithium-ion battery
had witnessed the boom of consumer electronic devices, such as cell phone, lap-top
computer and camera, just because of their high energy density, long cycle life and
none memory effect’”’. Meanwhile, the revolution of electronic technology led to a
growing demand for rechargeable batteries with larger capacity or reduced size and
weight for a given capacity. What’s more, with the development of electric vehicles
(EVs) and hybrid electric vehicles (HEVs)®, the graphite, whose specific capacity
is ~372 mAhg", cannot meet the constantly increasing demand for lithium ion
battery with high energy density. Therefore, great efforts have been made to identify
and research alternative anode materials with higher capacity and long term stability.
Taking the anode materials into consideration, great attention has been attracted to
the transition metal oxides because of their higher theoretic capacity. On the one
hand, although great progress has been made in the transition metal oxides field",
such as Mn, 03", Co304"", they still face several challenges, including the rapid
capacity fading, large volumetric change and poor cycle performance. On the other
hand, because in the SiO/Si0;, researches, the lithium silicate has been proved to be

16-19 .. . .
, the researchers do not focus on the transition metal silicates, which

irreversible
are abundant in the earth. Nevertheless, reversible conversion of the transition metal
silicates was reported for the first time by Franziska Mueller in 2014, In that report,

the researchers synthesized the cobalt silicate by solid-state method and explored the

mechanism of lithium insertion/extraction process.
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C0,Si04, which has good stability at high temperature, is widely used as the
catalyst and magnetic materials”'. Generally, C0,Si0y is synthesized by a mean of
the solid-state reaction, the temperature of which is too high. Morimoto et al*.
synthesized the Co0,SiO4 by heating the mixtures of Co3;04 and SiO, at the
temperature as high as 1500 °C. Various methods have been taken to prepare the
C0,Si04 at low temperature, such as the precipitation method™, the
hydrothermal-reaction method”* and sol-gel method®'. Taguchi et al*. reported that
C0,S104 can be synthesized by a hydrothermal reaction followed by calcination at
950 °C for 12h. Marcela Stoia et al®>. claimed that C0,S104/810, composite can be
obtained by a modified sol-gel method and the temperature is below 1000 °C.

In this paper, a method for the synthesis of Co,SiOy is illustrated. In our work,
the precursor was obtained by the hydrothermal reaction of hydrolytic amorphous
SiO; and C4H¢O4 Co-4H,0, then followed by calcination at 900 °C in air for 6h.
Then, their excellent electrochemical performance was tested as anode materials for
lithium ion battery. For example, the reversible specific capacity can reach 650

mAhg™, and the cycling stability and rate capability are promising.

2. Experimental Section
2.1 Sample preparation
Firstly, S5ml deionized water and 7mL ammonium hydroxide were added into
200mL ethyl alcohol, and then 7mL TEOS (Tetraethylorthosilicate) were added into

the solution and magnetic stirring for Sh. The white powers were collected by
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centrifugation, washed with ethyl alcohol and deionized water for several times,
followed by dried at 80 °C for 12h. Secondly, 90mg hydrolytic amorphous SiO, was
dissolved into 30 mL deionized water by sonication and magnetic stirring, and then
747mg Cobalt acetate tetrahydrate was added to the solution under magnetic stirring.
After stirring, the red solution was transferred into a 50 mL Teflon-line autocalve
and maintained at 180 °C for 24h. After being cooled to the room temperature
naturally, the black powers were obtained by centrifugation, washed with deionized
water and ethyl alcohol for several times, and dried at 70 °C for 12h. Finally, the
precursors were calcined in air at 900 °C for 6h with a heating rate of 5 °C min™ to

obtain the purple powders.

1.2 Characterization

XRD patterns of the samples were recorded on a Rigaku D-MAX 2200 VPC with
Cu K a radiation at a generator voltage of 40 kV and current of 26 mA with a
scanning speed of 5 deg min from 10° to 80°. TEM observations were carried out on
FEI Tecnai G2 F30 under 300 kV, Energy Dispersive X-ray Spectrometer (INCA300)

mounted on the TEM, XPS (ESCALab250).

2.3 Electrochemical Characterization
Electrodes are the mixtures of active materials (C0,SiO4), binding agent (sodium
carboxymethylcellulose) and conductive agent (acetylene black) in a weight ratio of

70:10:20. Then, the slurry was coated on a copper foil. After drying in air at 90 °C
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for 12 h, the electrodes were assembled into coin-likes cells (CR2032) with pure
lithium metal as both the counter electrode and the reference electrode,
polypropylene micromembrane as the separator, 1M LiPF6 in ethylenecarbonate (EC)
and diethyl carbonate (DEC ) with a weight ratio of 1:1 as the electrolyte. The cells
were assembled in an Ar-filled universal glove box with oxygen and water vapor
pressure less than 0.3 ppm. Cyclic voltammetry (0.05-3.00 V, 0.1 mV s™) was
performed using an electrochemical workstation (IM6e-X). The charge/discharge
tests were performed using a NEWARE battery tester at different current rates with a

voltage window of 0.005-3.0V.

3. Results and discussion

3.1 Structure and morphologies of C0,S10,
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Figure 1 X-ray diffraction (XRD) pattern of as prepared precursor and Co,SiO4:
as reference given in the bottom: JCPDS card no.76-1501 and JCPDS card

no.74-1657.
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Fig.1 shows the typical XRD pattern of the as-prepared precursor and Co0,SiO4
samples. Before annealing, the XRD pattern of the precursor is well agree with the
JCPDS card NO.74-1657, which shows that the precursor is Co3;04. The XRD pattern
demonstrates that the structure of CosQy 1s cubic and the lattice constant is 0.8065 nm.
After annealing at the the temperature of 900 °C, the sharpen peaks of the as
prepared products XRD pattern indicate that the samples have good crystallization.
What’s more, comparing to the JCPDS references, all the peaks are in accordance
with the card NO.76-1501, which shows that the as-synthesized products structure are
orthorhobic and with the Pbnm space group. Different from other low- tempetature
methods, the products have good purity, and no peaks of impurity can be observed
from the XRD pattern. In the previous experients, the peaks of Co304 always can be

detected when the temperature is below 1000 °c?,

The product was investigated by X-ray photoelectron spectroscopy (XPS) to
determine its chemical composition. The spectra recorded are shown in Fig.2. In the
Co 2p spectrum, the peak of the Co 2ps; lies at 782.27 eV, which well matches with
the Co" in the octahedral structure (781.9 ¢V)®. Besides, in the previous work, the
binding energy of Co 2p in the Co0,SiO4 structure is 781.3 eV, while the binding
energy of Co 2p in Co304 is 779.6 eV*®. Obviously, the binding energy of cobalt is
closer to the former, which indicates that the products are Co0,SiO4 instead of Co30,.
What is more, the energy separation between Co 2p, and Co 2p;s, for the products
was 15.9 eV, which is closer to that of C0,SiO4 (A Co 2p=15.5¢V)®. The formation

of Co,Si04 can be confirmed by analyzing the Si 2p core level spectrum (Fig.2 (c))

6
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and the O 1s core level spectrum (Fig.2 (d)). The peak of the Si 2p localizes at the
102.79 eV, which indicates the formation of SiO44+ (the binding energy of Ni;SiOy4 is
102.90 eV). What’s more, the main peak of O 1s lie at 532.04 eV, which well
demonstrates in the previous work”. Combined with the XRD and XPS analysis, the

production can be predicted that the synthetic Co,SiO4 has good purity.
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Figure 2. X-ray photoelectron spectroscopy of Co,Si04: (a) the whole spectrum, (b)

Co2p XP-spectrum, (¢) Si2p XP-spectrum, (d) O1s XP-spectrum.
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Figure 3 (a) and (b) the typical TEM images of precursors before annealing at
different magnifications, (c) and (d) the typical TEM images of C0,SiO4 nanoparticles
at different magnifications; (¢) and (f) HRTEM images of Co,SiO4 nanoparticles, the
inset in (e) is the corresponding FFT image of it, more details of (f) can be attained

from inset of (f).
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Fig.3 (a) and (b) show the typical transmission electron microscope (TEM)
images of the precursor before calcination. The images show that the morphology of
the precursor is mainly nanosheets (Fig. (a)) and the nanosheets interweave to form a
bundle of agglomerated sheets. Meanwhile, a small amount of nanoparticles can be
observed (Fig. 3 (b)). The presence of these particles suggested that the nanosheets
yield is below 100%. Fig. 3(c) and (d) show the typical transmission electron
microscope (TEM) images of the Co,Si04 nanoparticles after calcination. The TEM
images indicate that the as-prepared products have a predominantly nanoparticle
morphology. Meanwhile, the sizes of the particles are various from several tens
nanometers to 200 nanometers. However, some plate-like particles are also presented
(supporting information Figure S1). From the TEM images, we can know that some
nanosheets will be agglomerated and react with the particles to form the particle
morphology and some of the nanosheets form the plate-like morphology
independently when annealing at the temperature of 900 °C. Meanwhile, the existence
of plate-like particles indicates that the morphology of Co,SiO4 nanoparticles is

various.

The more details of the morphology can be attained from the HRTEM images.
The HRTEM image of the nanoparticles is shown in Fig. 3 (e) and the corresponding
FFT image was inserted in it. The HRTEM image indicates that the nanoparticles
have good crystallization and the clearly lattice fringes can be observed. After
calculation, the possible crystal faces are pointed in the FFT image with the red arrow.

Furthermore, the HRTEM image of the plate-like particles in Fig. 3(f) displays a basal

9
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space of 0.2483 nm, which is in good agreement with the (112) lattice fringe of
orthorhombic Co,Si04. At the same time, clearly layer structure can be observed. The
plate-like particles are piled layer by layer. Moreover, the STEM image and
corresponding mapping images of Co, Si and O (Fig.4 (a)-(d)) exhibit uniform

distribution of C0,SiO04.

(b)

Co mapping

Si mapping O mapping

Figure 4 the mapping images of Co0,SiO4 nanosheet: (a) STEM image, (b) Co

mapping, (¢) Si mapping and (d) O mapping.

10
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Figure 5 Electrochemistry performances of Co0,SiO4: (a) Cyclic voltammetry
(CV) of C0,Si04-based electrodes: sweep rate: 0.1 mVs™, reversing potentials: 0.05V
and 3.0V vs Li/Li". (b) the Ist, 2nd, 5th,10th ,20th charge and discharge curves of the
C0,Si04-based anode materials at a current density of 50 mAg™. (c) galvanostatically
tested at the current density of 100 mAg™" for 100 cycles. (d) rate capability of the

C0,Si0; at various current densities between 50 mAg™” and 6.4 Ag™.
Fig. 5 (a) shows the first three cyclic voltammograms (CVs) of the
Co0,Si104-based electrode in the voltage range 0.05-3.0 V versus Li/Li" at the scan

speed of 0.1mVs™. In the first cycle curve, two reduction peaks can be detected in the
11
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cathodic sweep. The strong and obvious peak lied at (A) about 0.7 V, and the weak
peak located at (B) around 1.4 V. While only one oxidation peak can be found in the
anodic sweep and it located at about (D) 2.3 V. The XRD patterns of the C0,Si04
electrodes at different voltages of the Ist lithiation (Fig.S2) show that the distinction
between the voltage of 1.1 V and 2 V is not obvious. Considering the XRD analysis of
Co0,Si0;4 electrodes, peak (B) is assigned to the small amount lithium ion insertion
into crystalline structure for cobalt silicate to form the LixCo,Si04, however, the
lithium insertion didn’t result in change of the Co,SiO4 lattice structure. This
phenomenon is also shown in the previous report’>%. The peak (A), which only
occurs in the initial cathodic sweep, results from the initial insertion into the
crystalline of the lithium ion and the reduction of the transition metal®. In the
following two cycles, the peak in the cathodic sweep can be detected in a same
position, which is located at (E) around 1.7 V. The peak is assigned to the lithium ion
insertion mechanism after the initial lithiation, which results in the structural
reorganization®**>. Taking the anodic sweep into consideration, the peak (D) at ~ 2.3
V, is ascribed to the re-oxidation of cobalt metal, which is well matched with the
researches on cobalt oxide®®*”. At the meantime, the CV curves are coincident, which
indicates the stable reversibility of the electrochemical reactions.

Fig.5 (b) illustrates the discharge-charge curves of Co,Si04-based anode materials
for lithium batteries at a current density of 50 mAg” at room temperature in a
potential window between 0.005 and 3.0 V (versus Li'/Li). In the first discharge curve,
two plateaus can be observed, and the weak plateau lies at about 1.5 V, and the

12
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obvious plateau locates at about 0.8-1.0 V. which is in good agreement with the
cathodic peaks observed by cyclic voltammetry (Fig.5 (a)). After the potential plateau
at 0.8-1.0 V, the discharge capacity of 955.7 mAhg" can be attained. It is similar to
the previous report”’ and can be owing to the decomposition of electrolyte®®. Among
the 2", 5™, 10", 20" cycles, only one discharge slope is observed (in the range 1.6-2.0
V), with a decrease of discharge capacity. The discharge capacities of the electrode in
the first, second, fifth, tenth, twentieth cycles are 955.6, 580.9, 576.3, 578.1, 535.7
mAhg™. Taking the charge curves into consideration, only one slope (in the range of
2.2-2.7 V) can be observed in all the curves, which matches well with the cyclic
voltammetry and associated with the re-oxidation of cobalt metal.

Fig.5 (c) displays the discharge-charge capacity versus cycle number
performance of Co,Si04-based anodes. As can be seen, except for the first cycle, the
capacity of the other ninety-nine cycles stays at a relative stable condition, which
shows their good cycle stability. In the first fifty cycles, the capacity keeps as a
constant at about 500 mAhg'l, while in the next forty cycles, the capacity increases
slowly and it can reach 650 mAhg™ after 100 cycles at 100 mAg™. The large capacity
can be owing to the higher surface areas. From the image of Nitrogen
adsorption/desorption isotherms and BJH pore size distributions of Co,Si04 (Fig.S4),
we can know that the pore is mesopore and its size is 7.0383 nm. The specific surface
area of C0,Si04 was 70.4040 m’g’, and larger by 20 to 30 times than C0,SiO4
synthesized by Hideki Taguchi24. The larger surface area can facilitate Li ion
insertion/extraction during the electrochemical reaction and shorten the pathways for

13
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rapid lithium-ion and electron conduction®®. The increase of the capacity may result
from the reversible formation of polymeric layer on the Co,SiO4 particles, which
matches well with the previous report™. What’s more, once the increase capacity was
attained, it can maintain upon continuous (dis)charge of the electrode and hold the
high coulombic efficiency of about 99%, which indicates the Co,Si04-based electrode
have good stability and long cycle life.

To better understand the electrochemical behavior of the Co0,Si04-based
electrodes, the rate performance with respect to the insertion/extraction of lithium ion
was investigated. To exhibit its good rate performance, the Co,SiO4-based electrode is
tested at various current densities (50--6400 mAg') and the capacity and the
coulombic efficiency are shown in Figure.5 (d). The cell shows good rate
performance with reversible specific capacities of 590, 500, 430, 370 mAh™ at current
densities of 50, 100, 200 and 400 mAg'l. What’s more, while the current density
changed back to 100 mAg™, the reversible specific capacity can be recovered as high
as 560 mAhg™'. The recovered capacity at the current density of 100 mAg™ is much
higher than the former, which may be resulted from the good lithium ion conductivity
of the formation of lithium silicate®’. Meanwhile, rate capacity of carbon coated
Co,Si104 was tested (Fig S3). The rate capacity of carbon coated Co,SiO4 shows better
electrochemical performance, which could be owing to the carbon improve the

conductibility of the C0,Si04 particles.

14
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4. Conclusions

C0,S104 nanoparticles were successfully synthesized by a facile hydrothermal
method combining with a simple post-annealing process with low temperature, which
can be synthesized at a large scale. With the respect to its application as the anode
materials of lithium ion battery, the products were characterized structurally,
morphologically and electrochemically. As the anode materials, the Co,Si04-based
electrodes exhibit good cycling retention, good rate performance and high specific
capacity of 650 mAhg" at a current density of 100 mAg™ after 100 cycles. The
excellent electrochemical performance indicates that the Co,SiO4 could be an

alternative candidate as the active material for next-generation lithium ion battery.
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