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Abstract Si-C composite with hollow spherical structure was synthesized using ultrasonic treatment of organo-

silica powder formed by hydrolysis of phenyltrimethoxysilane. The prepared powder was pyrolyzed at various

temperatures ranging from 900 to 1300 oC under nitrogen atmosphere to obtain optimum conditions for Li-ion

battery anode materials with high capacity and cyclability. The XRD and elemental analysis results show that

the pyrolyzed Si/C composite at 1100 oC has low oxygen and nitrogen levels, which is desirable for increasing

the electrochemical capacity and reducing the irreversible capacity of the first discharge. The solid Si-C

composite electrode shows a first charge capacity of ~500 mAhg-1 and a capacity fade within 30 cycles of 0.93%

per cycle. On the other hand, the electrochemical performance of the hollow Si-C composite electrode exhibits

a reversible charge capacity of ~540 mAhg-1 with an excellent capacity retention of capacity loss 0.43% per cycle

up to 30 cycles. The improved electrochemical properties are attributed to facile diffusion of Li ions into the

hollow shell with nanoscale thickness. In addition, the empty core space provides a buffer zone to relieve the

mechanical stresses incurred during Li insertion.

Key words hollow structure, anode, battery, Si carbon composite.

1. Introduction

The ubiquitous presence of portable electronic devices and

development of electric vehicles have created a great demand

for lithium ion batteries with increasingly high energy and

power density. In Li-ion batteries, graphitic materials have

been widely used as negative electrodes for lithium

secondary batteries due to its low cost, high yield and

long cycle life. However, the lithium storage capacity of

graphite is limited to the theoretical capacity of 372 mAh g-1.1)

The demand for high energy density has stimulated the

research for a new storage anode material.2-4) Among these

alternative anode materials, silicon based materials have

shown a promising application in rechargeable lithium-

ion batteries due to its low cost and energy density.5)

However, the cycling performance of silicon is poor, owing

to its severe volume expansion and contraction during the

insertion and extraction of lithium ions. The volume

expansion and contraction resulted in pulverization of Si

particles and eventual loss of Li+ storage ability. To improve

the capacity retention of Si, various approaches, such as the

formation of mesopores6) and the use of silicon-carbon

composite7) have been attempted. Si was also introduced in

the form of nano-sized active material.8) Recently, Li storage

in hollow spheres was reported.9) These active materials

with hollow structure showed excellent rate capability and

cycle retention because the hollow structure provided space

to buffer the volume change in Li-alloying process and a

shortened solid-state diffusion length. However, to syn-

thesize these hollow anode materials, it is necessary to use

a template such as polymer microspheres, silica spheres,

and block copolymers.10) These template-assisted synthetic

methods are extremely complicated and time-consuming

processes making it difficult to scale up the synthetic

approach for hollow structures to an industrial level.

In this paper, we report fabrication of Si-C hollow

spheres from phenyltrimethoxysilane (PTMS) using ultrasonic

treatment. A major advantage of this process is that only

the sonication in ethanol is required to form a hollow

structure and the size of the hollow spheres can be easily

controlled by varying the immersion time. This paper

examines the formation of Si-C hollow composite spheres

and their electrochemical properties as an anode material

for lithium-ion batteries.
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2. Experimental Procedure

2.1 Synthesis of Si-C hollow composite sphere

For the preparation of Si-C hollow composite spheres,

a three-step method based on the sol-gel process was

used in this study. In the first step, an aqueous solution

containing 6.60 mmol L-1 HNO3 was placed in an isothermal

water bath at 60 oC. The PTMS with 53.56 mmol L-1 was

poured in the HNO3 solution for hydrolysis. The mixture

solution was stirred at a rate of 900 rpm for four minutes.

An NH4OH solution with 1.44 mol L-1 was added to the

resultant homogeneous solution for condensation. The trans-

parent mixture solution immediately became a milky

solution (HNO3 : PTMS : NH4OH = 1 : 1.8 : 218, molar ratio).

The solution was continuously aged for three hours at

60 oC. The resulting powder was separated from the solution

via filtering and air-dried under at room temperature. In

the second step, organo-silica powder formed in the first

step was poured into ethanol and then sonicated for two

hours to form hollow silica spheres. In the third step,

organo-hollow silica powder was pyrolyzed at various

temperatures (900-1500 oC). These samples were heated at

5 oC/min and held for two hours at each temperature in a

constant flow (100 ml/min) of nitrogen gas (99.99%). In

order to compare the enhanced electrochemical performance

of hollow electrode, the solid electrode is also synthe-

sized by above mentioned method without sonication (the

second-step is passed).

The fabricated powder was characterized using X-ray

diffractometer with Cu Ka radiation (XRD, Rigaku, DMax

2500). Thermogravimetric analysis (TGA, TA instruments,

SDT2960) was performed at up to 1500 oC at a heating

rate of 10 oC/min under nitrogen atmosphere to examine the

thermal behavior of the organic silica particles. The ele-

mental analysis of the organo-silica and pyrolyzed powders

was conducted to investigate the chemical composition. The

morphology and microstructure of the active materials were

analyzed with transmission electron microscopy (TEM,

JEOL, JEM2010). 

2.2 Cell assembling and electrochemical test

The Si-C hollow composite electrodes were prepared

as followed: 80% active materials, 15% acetylene carbon

black and 5% poly-vinylidene fluoride in a solvent of

dimethyl phthalate were mixed. The blended slurry was

then coated on a copper foil to form the electrode. After

solvent evaporation, the electrode was dried under vacuum

at 140 oC and finally pressed at 150 kgcm-2. CR2032 coin

cells were assembled in an argon-filled glove box. The

counter electrode was Li metal and the electrolyte was

1M LiPF6 dissolved in a 50 : 50 (v/v) mixture of ethylene

carbonated (EC) and dimethyl carbonate (DMC) provided

by MERCK KgaA, Germany. These cells were cycled

between 0.012 V and 1.2 V at room temperature.

3. Result and discussion

The TEM micrograph of the organo-silica powder

obtained by hydrolyzing PTMS is shown in Fig. 1. As-

prepared solid particles are monodispersed and in a

spherical shape (Fig. 1a). The average particles size is

approximately 400 nm in diameter. After ultrasonic treat-

ment in ethanol, a noticeable contrast between the core

and shell of particles is observed in the TEM image (Fig.

1b). The overall diameter of hollow sphere is decreased

from 400 nm to 200 nm and the inner diameter of hollow

Fig. 1. SEM micrograph of (a) the as-synthesized organo-silica particles and (b) ultrasonic treated organo-silica.
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particle is approximately 130 nm. It clearly shows that

the spheres with hollow structure are successfully formed

by the proposed method. The mechanism of the for-

mation of the hollow structure is unclear. Recently, Hah

et al. insisted that the treatment in ethanol is the key pro-

cedure for the formation of a hollow structure. In other

words, when as-prepared solid PTMS particles are treated

in ethanol, which is permeable through the particles, linear

oligomers are released from the interior of the PTMS

particles during treatment.11) As a result, the sonication of

ethanol-contained PTMS particles is accelerated to the

formation of hollow structure of PTMS particles.

Fig. 2a shows thermograms of the as-prepared organo-

silica hollow spheres under a nitrogen atmosphere, obtained

by TGA. The TGA result indicates an initial weight loss

of ~40% at 400 - 600 oC and second loss that begins at

approximately 1300 oC. To investigate phases of the

product formed by the initial and second loss reaction,

organo-hollow silica powder was pyrolyzed at various

temperatures for two hours and then XRD analysis was

conducted (Fig. 2b). No crystalline peak is visible up to

1200 oC (data not shown). However, a small amount of

α-Si3N4 is detected at 1300 oC. When heat-treatment was

performed at 1400 oC, the amorphous phase crystallized to

Si3N4 as evidenced by well-defined sharp peaks. This

phenomenon is well known that Si3N4 is formed by the

reaction of carbon and nitrogen gas (Eq. (1)). With in-

creasing pyrolysis temperature of up to 1500
oC, the Si3N4

phase is completely transformed to SiC via carbothermal

reduction (Eq. (2)). SiC is known to be thermodynamically

more stable than Si3N4 above a certain boundary tem-

perature, depending on the carbon activity and the nitrogen

pressure in Si-O-C-N system.12) The reported boundary

temperature is within the range of 1450-1550 oC.13) In our

experiment, the boundary temperature shows a similar range.

3SiO2 + 6C + 2N2 → Si3N4 + 6CO  (1)

Si3N4 + 3C → 3SiC + 2N2 (2)

To obtain the composite with high capacity and cyclic

performance, it is important to determine the pyrolysis

temperature of organo-silica powder with the lower

oxygen level. If the oxygen is present in the form of a

Si-C-O glass, it irreversibly consumes lithium to make

local arrangements like those found in Li2O.14) To measure

the oxygen level of the composite, the element analysis

was conducted ranging from 900 to 1200 oC because the

composite annealed under 900 oC possesses high oxygen

level contents (data not shown) and the α-Si3N4 is formed

at over 1300
oC (as seen in Fig. 2b), which phase decreases

the electrochemical activity of electrodes. As seen in

Table 1, by increasing the pyrolysis temperature, the

Fig. 2. (a) TGA analysis of the organo-silica powder to 1500 oC under nitrogen atmosphere. (b) XRD patterns of the organo-silica

powder and powders pyrolyzed at various temperatures for 2h under nitrogen.

Table 1. Elemental composition of the organo-silica powder

pyrolyzed at various temperatures for 2h under nitrogen.

Elemental composition (wt. %)

Silicon Carbon Oxygen Nitrogen Hydrogen

900 oC 51.58  37.1 9.83 - 1.49

1000 oC 52.52 38.42 7.82 - 1.24

1100 oC 55.72 40.32  2.7 0.51 0.75

1200 oC 56.29 38.69 2.43 1.95 0.64
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amount of the oxygen and hydrogen level is reduced. On

the other hand, silicon content of pyrolyzed powder is

steadily increased. And the carbon retains a similar value

regardless of increasing the pyrolysis temperature. In the

case of nitrogen, when the pyrolysis temperature is at

1100 oC, the nitrogen is detected, which means that small

amounts of Si3N4 phase is formed in the composite (XRD

does not detect small quantities (< 2 wt %) ). The above

mentioned Si3N4 phase can take place with a small

reversible capacity of 40 mAhg-1 in a potential range of

0.01-1.5 V.15) Therefore, in this study, we set the optimized

pyrolysis temperature of 1100 oC for Li-ion anode materials.

Fig. 3 shows voltage and cyclic profiles of the solid

and hollow structured electrodes from 1st, 10th, 20th and

30th cycles. Both electrodes were cycled between 1.2 and

0.012 V versus Li/Li+ at a current rate of 60 mAg-1. As

seen in Fig. 3a and c, a plateau appears at approximately

0.8 V in the first discharge curve of the solid electrode.

The plateau may be related to the formation of a passi-

vation film or solid electrolyte interphase (SEI) on the free

carbon surface.16) The first charge capacity is 500 mAhg-1

so that only 66% of the first discharge capacity is re-

covered during the first charge cycle. The large

irreversible capacity loss in the first cycle is likely due to

the formation of SEI.17) The capacity of the solid electrode

after 30 cycles is 360 mAhg-1. On the other hand, as seen

in Fig. 3b and d, the voltage profile of hollow electrode

during the first discharge and charge has a similar but an

observation of the more SEI reaction than solid electrode,

which is attributed to the large surface area of hollow

electrode. The electrode with hollow structure showed

first discharge and charge capacities of 1520 mAhg-1 and

540 mAhg-1, respectively and its capacity after 30 cycles

is 470 mAhg-1. The capacity retention after 30 cycles was

87% of the first-charge capacity for the hallow electrode.

This value is far superior to that of the solid electrode.

The improved capacity and cycle retention of the hallow

electrode are related to the hollow structure of the anode,

which provides a large surface area and a shorter solid-

state diffusion length.18) In addition, the empty core

structure can act as a buffer space to accommodate the

stress arising from the volume change of the PTMS shell

during Li-insertion.

Fig. 3. Voltage profiles of the (a) solid and (b) hollow electrode after the 1st, 2nd 10th, 20th and 30th cycle at a rate

of 60 mAg-1 between 0 and 1.2 V. Cycling behaviors of the (c) solid and (d) hollow electrode up to the 30th cycle.
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4. Conclusion

In this paper, the PTMS electrode with hollow structure

for Li-ion batteries was successfully fabricated by ultra-

sonication in ethanol. The synthesized hollow electrode

exhibits improved electrochemical properties such as cycle

capacity and capacity retention, compared to the solid

PTMS electrode when cycled at a rate of 60 mAg-1. We

believe that the enhanced cycle performance is due to the

empty core of the hollow electrode, acting as a buffer zone

which accommodates the volume change of the Si phase

during the Li intercalation/de-intercalation. The hollow

structure also provides a large surface area and shorter

solid-state diffusion length, leading to higher energy density

than the solid counterpart.
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