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Mesoporous Li,FeSiO4/C nanocomposite cathode material has been prepared by a sol-gel method
based on P123. Effect of calcinations temperature and carbon content on the electrochemical
performance was investigated. The structure and morphology of the mesoporous materials were
examined by X-ray diffraction, scanning electron microscopy, transmission electron microscopy and
N, adsorption/desorption techniques. The results indicate that the uniform nanometer-sized Li,FeSiO,4
particles are embedded in irregular mesoporous amorphous carbon. The mesoporous Li,FeSiO4 with
9.22% carbon coating exhibits the best electrochemical performance especial rate performance. It has a
high initial discharge capacity of 178.4 mAh g™ at 1/16 C and reversible discharge capacity of 100.8
mAh g™ at 5 C after 100 cycles. The enhanced electrochemical performance can be ascribed to its
small size, large specific surface area, uniform carbon-decoration and mesoporous structure.
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1. INTRODUCTION

Lithium iron silicate, Li,FeSiO, (abbreviated as LFS), is one of the most promising positive
electrode materials for next-generation lithium-ion batteries due to its low cost, environmental
benignity and high theoretical capacity [1-6]. However, pristine Li,FeSiO, has low electric
conductivity of around 10** S cm™ [7, 8], leading to poor electrochemical performance. Carbon-
decorating is an effective method to improve the electrochemical performance of Li,FeSiO, cathode
materials [9, 10], because it can i) improve electronic conductivity which is critical for the family of
polyanion cathode materials, especially for Li,FeSiO, exhibiting a low discharge capacity of 13 mAh
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g [11]; ii) restrain the agglomeration of active material particles and make materials homogeneous
under the calcinations process at high temperature (600-1000 °C) [12]; iii) provide superior chemical
and electrochemical stability [13, 14]. Carbon-decorated Li,FeSiO,/C composite with mesoporous
structure is considered as an effective method to improve the electrochemical performance of
Li,FeSiOy. According to the diffusion formula t=L%/2D (where t is the diffusion time, L is the diffusion
distance, and D is the diffusion coefficient) [15], reducing the particle size and constructing porous
structure can significantly shorten the diffusion time of Li* in Li,FeSiO,, thus get much enhanced rate
performance. Recently, lots of efforts have been made through preparing of porous nanometer-sized
Li,FeSiO, cathode materials to improve their electrochemical performance. X.Y. Fan et al prepared
nanocomposite Li,FeSiO,/C with many irregular pores by sol-gel assisted ball milling technique,
which exhibited a lower initial discharge capacity of 134 mAh g™, while 155 mAh g™ after 190 cycles
at 0.2 C [16]. Li,FeSiO./C nanocomposite with pores between 5 and 20 nm were prepared by a sol-gel
method at the molar ratio 3:1 of TA/Li,FeSiO4, which showed a large specific surface areas of 64.4 m?
g™ and a reversible capacity of 132.1 mAh g™ at 1C [17].

Pluronic P123, a tri-block copolymer, was usually applied to prepare mesoporous silica
materials SBA-15 by the assembly of P123 with silica species [18-20]. In this work, carbon-decorated
cathode material Li,FeSiO4/C with mesoporous structure (abbreviated as LFS@C) was prepared by a
sol-gel method based on P123, which was employed as both carbon sources and mesopore forming
agent for obtaining the mesoporous composite material. The effect of sintering temperature and carbon
content on the electrochemical performance was systemically investigated.

2. EXPERIMENTAL

2.1. Preparation
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Figure 1. The schematic illustration of the synthesis procedure for the mesoporous Li,FeSiO,/C
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The schematic illustration of the synthesis procedure for the mesoporous Li,FeSiO4/C is shown
in Fig. 1. The mesoporous materials were synthesized using a sol-gel procedure followed by a solid-
state-reaction synthesis route. Typically, 1 g Pluronic P123 (M=5800, sigma-aldrich) was dissolved
into a mixed solution of 5 ml distilled water and 5 ml ethylene glycol (EG) under stirring until a
uniform and transparent solution formed, and then 10.5 mmol LiCH3COO-2H,O and 5 mmol
Fe(NO3)3-9H,0 were added in this order into the solution, which was stirring strongly for 1 h at 60 °C.
Subsequently, 5 mmol TEOS was added dropwise slowly and the mixture was stirring and refluxing at
80 °Cfor 20 h. The obtained solution was gently heated at 50 °Cto remove the excess solvent, and then
aged at 70 °Cuntil porous gel precursors were acquired. The precursors were sintered at 400 °Cfor 5 h,
and then ground by a mortar and pestle. Three precursors were by further sintering at 600 °C, 650 °C,
700 °Cfor 10 h in an Ar-H; (5%) atmosphere, respectively. They were labeled as LFS@C-1, LFS@C-2,
and LFS@-3, respectively. In order to investigate the carbon content on the electrochemical
performance, three Li,FeSiO4/C materials with different contents of carbon coating were also prepared.
0.59, 1.5 gand 2.5 g P123 were used, respectively. And the final sintering temperature was fixed at
600 °C. The obtained samples were labeled as LFS@C-4, LFS@C-5 and LFS@C-6, respectively.

2.2. Characterization

The structures of the as-prepared materials were characterized by X-ray powder diffraction
analysis (XRD, Bruker, 4 Advance, D8, model) using Cu Ko radiation (A=0.15406 nm).
Morphological studies were conducted using scanning electron microscope (SEM, JEOL JMS 6390,
Japan) and transmission electron microscopy (TEM, JEM-2100F, Japan). BET surface area
measurement was carried out on an automated surface area and pore size analyzer (QUDRASORB SI,
Quantachrome Instruments U.S.). The content of carbon in the composite was determined from the
ignition loss of the sample at 800 °C in air with a thermogravimetric and differential thermal
(TG/DTA) apparatus (DTG-60H, Shimadz).

2.3. Electrochemical measurements

The electrochemical properties of the as-prepared samples were assessed using CR2016 coin
cells. For preparing the composite electrodes, a mixture of the active materials, super P carbon black
and poly(vinylidene fluoride) (PVDF) at a weight ratio of 80:10:10, using 1-methyl-2-pyrrolidinone
(NMP) as the solvent, was pasted onto pure aluminum foil. The electrode was circular with a 12 mm
diameter and dried under vacuum at 80 ‘C for 12 h. The coin cells were assembled in an argon-filled
glove box with lithium pellet as anode, a Celgard 2300 sheet as separator and 1M LiPF¢ in a mixed
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) (1:1:1, in wt%) solution
as electrolyte. The charge-discharge measurements were carried out from 1.5 to 4.8 V (vs. Li*/Li) at
different charge-discharge rate using a Land Cycler (Wuhan Jinnuo Electronic Co. Ltd. China) when
the cells were standing for 24h. The electrochemical impedance spectroscopy (EIS) measurements
were performed on an electrochemical workstation (CHI 660A, CHI Company). The frequency was
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ranged from 0.001 to 100000 Hz with an amplitude of 0.005 V. All the tests were performed at room
temperature.

3. RESULTS AND DISCUSSION

3.1. Effect of roasting temperature on properties of mesoporous Li,FeSiO4/C
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Figure 2. XRD patterns of (a) LFS@C-1, (b) LFS@C-2, and (c) LFS@C-3

Figure 3. SEM images of (a) LFS@C-1, (b) LFS@C-2, (c) LFS@C-3 and TEM images of (d)
LFS@C-1, () LFS@C-2, (f) LFS@C-3
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XRD patterns of the as-prepared samples roasting at 600 °C, 650 °C and 700 °C for 10 h are
showed in Fig. 2. It can be seen that all the samples present the similar XRD patterns, which can be
indexed to the space group P2;/n [21]. The X-ray diffraction peaks of LFS@C-2 and LFS@C-3 are
more intense and sharper than that of LFS@C-1.

SEM images of the as-prepared LFS@C samples at 600 °C, 650 °Cand 700 °C are shown in Fig.
3a-c, it can be seen that all the samples display the homogeneous distribution of nanocomposite.
However, particle agglomeration and increasing particle size can be obviously seen for LFS@C-2 and
LFS@C-3. It demonstrates that the sintering temperature of 600 °C may be good for preparing LFS@C
materials with uniform and smaller particle size. The TEM images of LFS@C materials prepared at
different temperature are shown in Fig. 3d-f. LFS@C-1 and LFS@C-2 have similar particle size.
However, the particle size of LFS@C-3 is bigger, which is nearly 3-4 times the size of that of LFS@C
-1.
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Figure 4. (a) Initial charge-discharge curves and (b) cycling performances of LFS@C-1, LFS@C-2
and LFS@C-3
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Fig. 4 shows that the initial charge-discharge curves and cycling performance of LFS@C
materials at 1/16 C from 1.5 V to 4.8 V. It can be seen that LFS@C-1 exhibits the best electrochemical
performance, which might be due to its smaller particle size and irregular porous structure. However,
LFS@C-3 obviously exhibits the highest charge plateau, which might be ascribed to its large
polarization resulted from larger particle size. The electrochemical results demonstrate that material
obtained by sintering at 600 °C has the best electrochemical performance. Therefore, this temperature
was selected as the final sintering temperature when preparing LFS@C materials with different carbon
contents. TG results indicate that the carbon contents of LFS@C-4, LFS@C-5, LFS@C-6 are 7.03%,
9.22% and 11.15%, respectively.

3.2. Effect of carbon content on properties of mesoporous Li;FeSiO4/C
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Figure 5. XRD patterns of LFS@C materials with different carbon contents

Fig. 5 shows XRD patterns of the as-prepared LFS@C samples with different carbon contents.
The XRD patterns of LFS@C materials are similar with those of LFS@C materials prepared at
different temperatures in Fig. 2. It demonstrates the LFS@C materials are pure and can be also indexed
to the space group P21/n.

Fig. 6 shows SEM images and TEM images of the as-prepared LFS@C samples with different
carbon content. From SEM images, it can be seen that all the samples exhibit uniform particle size of
20 nm or so. TEM images show that the uniform nanometer-sized Li,FeSiO,4 particles embedded in
irregular mesoporous amorphous carbon, which might be beneficial to improve the electrochemical
performance of Li,FeSiO,, because the in-situ formed amorphous carbons can serve as conductive
carbon network and mesoporous composite can be penetrated by electrolyte as to enable both Li* and
e to migrate.

Nitrogen isothermal-adsorption determination was used to further investigate the pore structure
of the as-prepared LFS@C samples with different carbon contents. Typical N, sorption isotherms are
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shown in Fig. 7a. The total specific surface areas of LFS@C-4, LFS@C-5, LFS@C-6 are 69.36, 80.01
and 69.71 m? g, respectively. It can be seen that LFS@C-5 has the largest specific surface area of
80.01 m? g%, which is also larger than previous literature [17].

Figure 6. SEM images of (a) LFS@C-4, (b) LFS@C-5, (c) LFS@C-6; and TEM images of (d)
LFS@C-4, () LFS@C-5, (f) LFS@C-6

As shown in Fig. 7b, the Barrett-Joyner-Halenda (BJH) pore size distribution indicates that
LFS@C-5 has a pore-size distribution of 3.5-14 nm and LFS@C-4 has a broader distribution, which
are obtained by the volatilization and decomposition of EG and P123. It is noted that LFS@C-6
doesn’t exhibit obvious pore-size distribution.
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Figure 7. (a) Nitrogen adsorption/desorption isotherms and (b) the pore size distribution plot
calculated by the BJH formula in the adsorption branch isotherm for the as-prepared LFS@C
samples with different carbon contents

It might be due to the adhesion between particles when the carbon content increasing, which is
corresponded with TEM images. In general, the high specific surface area and uniform mesoporous
should be in favor of intercalation/deintercalation of Li* due to the large contact area between active
material and electrolyte.

Fig. 8 shows the initial charge-discharge curves and cycle performance of the as-prepared
LFS@C samples at 1/16 C from 1.5 V to 4.8 V. LFS@C-5 exhibits the highest initial discharge
capacity of 178.4 mAh g, and 166.4 mAh g™ after 20 cycles (93.3% of initial capacity), which can be
ascribed to its easier migration of Li* and e in the electrode due to its smaller size of nanocomposite
and the mesoporous texture decorated by carbon [22].
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Figure 8. (a) Initial charge-discharge curves and (b) cycling performances of the as-prepared LFS@C
samples with different carbon contents

LFS@C-4 and LFS@C-6 perform higher charge plateau than that of LFS@C-5, which means
larger polarization. They only deliver discharge capacities of 133.2 and 145.5mAh g, respectively.

Fig. 9a shows the rate performance at 1/5C, 1/2C, 1C, 2C, 5C and 1/5C of the as-prepared
LFS@C materials with different carbon content. It can be seen that the material LFS@C-5 exhibits the
best rate performance, which delivers discharge capacities of 172.6, 159.7, 140.1, 116, 86.7 mAh g™ at
0.2C, 0.5C, 1C, 2C, 5C respectively, and then return to 167.6 mAh g™ at 0.2C after rate cycle. Fig. 9b
shows cycling performance at 5C of the as-prepared LFS@C samples with different carbon contents. It
exhibits zooming discharge capacity at the beginning and relatively stable capacity, especially for
LFS@C-5, which can be ascribed to the electrical activation and electrolyte infiltration in mesoporous
structure. LFS@C-5 exhibits high discharge capacity of 100.8 mAh g™ after 100 cycles.
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Figure 9. different cycling performances and rate cycling performances of the as-prepared LFS@C
samples with different carbon content

It could be ascribed to its small particle size of the nanocomposite, the large specific surface area and
the unique mesoporous structure, which enhance the effective contact between the nanocomposite
Li,FeSiO4/C and the electrolyte.

4. CONCLUSIONS

Mesoporous and carbon-decorated Li,FeSiO4/C nanocomposite cathode material has been
successfully prepared by a sol-gel method based on P123. The test results indicate that the LFS@C-5
material with the carbon content of 9.22% sintered at 600 °C has the best electrochemical property. For
LFS@C-5, uniform nanometer-sized Li,FeSiO, particles embed in irregular mesoporous amorphous
carbon with pore size of 3.5-14 nm. It also has the largest specific surface area. The superior
electrochemical performance of LFS@C-5 could be ascribed to its small size, large specific surface
area, carbon decoration and mesoporous structure. The nanocompostie with small particles can
effectively reduce the diffusion distance of Li* in Li,FeSiO,. The large specific surface area can
increase the effective contact area between the nanocomposite Li,FeSiO,/C and electrolyte. Carbon-
decoration can improve the electronic conductivity of Li,FeSiO,4. The texture with mesoporous can be
infiltrated by the electrolyte in favor of Li* migration in the electrode.
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