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ABSTRACT

The assembly of the micron-sized Si/CNT/carbon composite wrapped with graphene (SCG composite) is designed and

synthesized via a spray drying process. The spherical SCG composite exhibits a high discharge capacity of 1789 mAh g-1 with

an initial coulombic efficiency of 84 %. Moreover, the porous architecture of SCG composite is beneficial for enhancing

cycling stability and rate capability. In practice, a blended electrode consisting of spherical SCG composite and natural

graphite with a reversible capacity of ~500 mAh g-1, shows a stable cycle performance with high cycling efficiencies (> 99.5%)

during 100 cycles. These superior electrochemical performance are mainly attributed to the robust design and structural sta-

bility of the SCG composite during charge and discharge process. It appears that despite the fracture of micro-sized Si

particles during repeated cycling, the electrical contact of Si particles can be maintained within the SCG composite by

suppressing the direct contact of Si particles with electrolytes.
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1. Introduction

With recent developments in electronic devices

and electric vehicles, the development of advanced

lithium-ion batteries (LIBs) with high energy density,

high power density and stable cycling performance is

crucial for the success of the related industries.

Accordingly, extensive research has been done on

developing highly reliable electrode materials for

advanced LIBs [1-5]. The current graphite anode

does not meet the growing demand for high energy

density in LIBs because of its limited theoretical

capacity of 372 mAh g-1. In contrast, silicon is con-

sidered as one of the most promising candidate owing

to its high theoretical capacity of 3579 mAh g-1 (Li15-

Si4). However, the practical application of Si is still

restricted by the following drawbacks: (1) large vol-

ume changes induced by charge (lithiation)-discharge

(de-lithiation) process, which cause an electrical con-

tact loss with continuous formation and growth of

solid electrolyte interphase (SEI); (2) poor electrical

conductivity, resulting in poor cycling performance

and rate capability [6-9]. 

To overcome these problems, substantial research

has been conducted for effectively accommodating

the large volume changes and enhancing the electri-

cal conduction of Si during cycling. According to the

comprehensive overview on recent efforts for devel-

oping highly reliable Si-based anode materials [10-

15], much attentions have been devoted to the design

of Si/Carbon composites, thanks to many desirable

features of carbon, such as abundance, high electri-

cal conductivity, light weight and good compatibility

with various electrolytes. It is also recognized that the

utilization of nanoscale Si particles can significantly

relieve the mechanical strain induced by the large

volume change without cracking and thus improve
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the cycle performance of Si-based anode materials.

However, considering that Si nanoparticles are costly,

it is crucial, from a commercial viewpoint, to utilize a

low-cost material, such as ball-milled Si particles.

In general, the size of Si particles is very critical

because Si particles larger than 150 nm suffer from

significant particle cracking during lithiation-delithi-

ation [16,17]. The cracking would cause significant

loss of electrical contact and extensive electrolyte

decomposition at the interface between Si and elec-

trolyte forming additional SEI, leading to a deteriora-

tion of electrochemical performances. Unfortunately,

the size of most ball-milled Si particles is larger than

the above mentioned critical size of 150 nm. There-

fore, to utilize the Si particles larger than 150 nm as

active materials, it is essential that the Si/C compos-

ites should be designed to maintain electrical contact

of Si particles and prevent the direct contact of Si

particles with electrolytes, even though the Si parti-

cles are cracked during charge-discharge process.

Recently, several structural designs of Si/C com-

posites using submicron Si have been suggested;

these studies have shown that graphene or reduced

graphene oxide (RGO) is highly effective for con-

structing conductive network by encapsulating Si

particles to improve the electrochemical performance

of submicron Si [18-22]. In addition, carbon nano-

tubes (CNTs) have been used to form a three-dimen-

sional (3D) porous conductive network for Si/C

composites owing to their excellent electrical con-

ductivity and mechanical flexibility [23-25]. Herein,

we report a spherical Si/C composite, in which

micron-sized Si/CNT/carbon composites wrapped

with graphene (SCG composite) are assembled via a

spray drying process. The distinctive architecture of

SCG composites offers excellent cycling stability and

rate capability, and it also ensures a stable cycling

performance of the blended electrode with natural

graphite.

2. Experimental

2.1. Material synthesis

The Si particles (bm-Si) was prepared by a ball

milling of industrial Si waste using a high-speed

planetary mill (PULVERISETTE 7). Multi-walled

CNTs and graphene oxide (GO, GO-V30, STAN-

DARD GRAPHENE, Korea) were used during the

synthesis. The fabrication process for the assembly of

the bm-Si/CNT/carbon composites wrapped with

graphene (SCG composite) is as follows. The bm-Si

and CNTs were dispersed in a petroleum pitch dis-

solved in tetrahydrofuran (THF) solution, followed

by THF evaporation using a vacuum evaporator, and

mixing with GO dispersed in a gum arabic (GA) dis-

solved water. Then, the GO was reduced by adding

hydrazine with a ratio of 3 mL / GO 100 mg and

mechanical mixing at 95oC, and was subsequently

spray dried. The resultant composite precursor was

heat treated at 1000oC for 1 hour in an argon atmo-

sphere.

2.2. Characterization

The morphologies and microstructures of compos-

ites were investigated using field emission-scanning

electron microscopy (FE-SEM, HITACHI S-4300)

and high-resolution transmission electron micros-

copy (HRTEM, JEOL JEM-2100F) coupled with

energy dispersive X-ray spectroscopy (EDS). The

cross-sectional SEM and TEM analyses were per-

formed using a focused ion beam (FIB) system (FEI

COMPANY, NOVA 200) .  The par t ic le  s ize

distribution was investigated by a particle size

analyzer (Mastersizer 2000, Malvern). The electrode

swelling was also measured by a micrometer (HST-

30.4, Wellcos Co., Ltd).

2.3. Electrochemical measurement

Electrodes for SCG composite were fabricated by

pasting an aqueous slurry containing 80 wt% active

material, 5 wt% carbon black, and 15 wt% poly

(acrylic acid) (PAA) as a binder, on to a copper foil

(20 µm in thickness). The electrodes were then dried

at 180oC for 12 h in vacuum and were subsequently

pressed. A blended electrode with a mix of SCG

composite and natural graphite (D50 = 16 µm,

POSCO Chemical Co. Ltd, Korea) contains 95 wt%

active material, 1 wt% carbon black, and 4 wt%

binder, styrene butadiene(SBR)/carboxymethyl cellu-

lose (CMC), 2:1 by weight). The 2032 coin-type

half-cells were assembled in an Ar-filled glovebox, in

which lithium foil was used as both the reference and

counter electrodes. The mass loading of the active

material was ~5 mg cm−2. The electrolyte used was 1

M LiPF6 in a mixture of ethylene carbonate (EC) and

diethyl carbonate (DEC) (1:1 by volume) with

10 wt% fluoroethylene carbonate (FEC). The cells

were charged (lithiated) and discharged (delithiated)
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between 0.01 and 2.0 V at 30oC. For initial formation

process, the cells were charged in constant current-

constant voltage mode (CC-CV mode) and dis-

charged at a constant current (CC) of 100 mA g-1 for

2 cycles. The cyclability and rate capability were

measured after the initial formation process for 2

cycles.

3. Results and discussion

Fig. 1 illustrates a synthesis process of spherical

SCG composite via a spray drying process. The bm-

Si particles, CNTs and GO sheets were used as

starting materials for assembling the SCG composite

(Fig. S1). First of all, irregular shaped bm-Si particles

and CNTs with a mean diameter of 15 nm were

thoroughly mixed. The mixture of bm-Si particles

and CNTs was dispersed in a petroleum pitch dis-

solved in THF solution and then wrapped GO sheets

by a spray drying, followed by a carbonization pro-

cess. Finally, the spherical SCG composite with the

average particle size of 13 µm was obtained. Note

that bm-Si has a bimodal particle size distribution

with D10 = 0.18 µm, D50 = 0.69 µm and D90 =

1.9 µm. The particle size distribution of starting

materials and SCG composite are compared in Fig.

S2.

Fig. 2 presents top-view and cross-sectional

FESEM images of spherical SCG composite

combined with corresponding EDS elemental

mapping results for Si and C, showing that bm-Si

particles are uniformly dispersed in the network of

CNTs inside the particle. The microstructure of the

SCG composite was further characterized using TEM

in Fig. 3. The spherical SCG composite has a porous

structure (Fig 3a), in which bm-Si particles and CNTs

are forming 3D networks inside the particle (Fig. 3b).

It is confirmed that the SCG composite particle is

coated with reduced graphene oxide (RGO) sheet

with approximately 5 nm in thickness (Fig. 3c, the

HR-TEM image for R2 region of Fig. S3). Corre-

sponding EDS elemental mapping results also con-

firm that bm-Si particles are surrounded by CNTs

(Fig. S4). Fig. 3d shows the N2 adsorption and

desorption isotherm for the SCG composite. The

Brunauer-Emmett-Teller (BET) specific surface area of

the SCG composite was calculated to be 6.38 m2 g-1.

The pore-size distribution (inset of Fig. 3d) reveals

Fig. 1. Schematic illustration of the synthesis process of spherical SCG composite via a spray drying and carbonization

process.
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that the SCG composite contains mesopores lying

between 2 to 50 nm and macropores exceeding

50 nm in diameter. 

The electrochemical performance of the SCG

composite as anode material for LIBs was evaluated.

Fig. 4a shows the charge-discharge curves of the first

two cycles for formation process. The SCG composite

electrode exhibited a discharge capacity of 1789 mAh g-1

with an initial coulombic efficiency of 84 %. After the

two formation cycles, the cycle performance of the

SCG composite anode was tested at a current density of

0.2 C (Fig. 4b), in which the capacity was stabilized at

1741 mAh g-1 after 25 cycles with a slight decrease in

capacity (0.8% compared to the capacity at stabi-

Fig. 2. (a) Top-view and (b) cross-sectional

FESEM images of spherical SCG composite

particles. Corresponding EDS elemental

mapping results for (c) Si (green) and (d) C

(purple).

Fig. 3. (a) TEM image of SCG composite

particle at low magnification with the grid of

TEM holder in view. (b) High-resolution

TEM image and (c) the position of intensity

profile on the edge line of SCG composite.

(d) N2 adsorption and desorption isotherm

for the SCG composite (inset showing the

pore size distribution curve).
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lized cycles) was seen at the initial stages of cycling.

The latter phenomenon may be attributed to the acti-

vation of the SCG composite with structure

enveloped by graphene. The coulombic efficiency

was ~ 99% in the initial 30 cycles but maintained

over 99.5% after 50 cycles. The enhanced cycling

performance is verified by the steady charge-

discharge curves during 100 cycles as shown in Fig.

4c. This indicates that the SCG composite has high

structural stability and thus the mechanical integrity

of the electrodes can be maintained during cycling. The

structure stability of the SCG composite electrode can

be examined by the morphological change during

cycling. After 50 cycles, there are some cracks on the

surface. However, when the SEI film on the surface

is removed, no apparent cracks can be observed and

the surface morphology looks similar to that before

cycling (Fig. S5).

The charge rate capability of the SCG composite

electrode was evaluated at current densities ranging

from 0.5 to 5 C, where the discharge was performed at

0.1 C. As shown in Fig. 4d the capacity was 1338 mAh

g-1 at 3 C and 1114 mAh g-1 at 5 C, corresponding to

72.9 and 60.7 % of its capacity at 0.2 C during stabi-

lized cycling, respectively. It also reveals that the

SCG composite electrode recovers its capacity and

remains highly stable when tested at 0.2 C after

cycling at high rates up to 5 C. The excellent rate

capability of the SCG composite electrode may be

attributed to the enhanced electrical conduction,

owing to SCG composite architecture, enabling the

Si particles to contact with the network of CNT/car-

bon.

For more detailed information on the cycling

behavior, the differential capacity (dQ/dV) plots of

the SCG composite electrode at different cycle

number are presented in Fig. 5a. First, the intensities

and positions of peaks in the lithiation curves

undergo minor change for 100 cycles, which shows

the complete lithiation without a significant

polarization during cycling. In contrast, the

delithiation profiles show noticeable changes with

prolonged cycling. An intense delithiation peak

appears at ~ 0.43 V for initial cycles, which is related

Fig. 4. (a) Galvanostatic charge-discharge curves of SCG composite electrode at the first two cycles for formation process.

(b) cycle performance of SCG composite electrode during 100 cycles with (c) corresponding charge-discharge curves at

different cycles. (d) Charge rate capability of SCG composite electrode at various current densities of 0.2, 0.5, 1, 3, and 5C

(1C = 1000 mA g-1) .
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to the formation of crystalline Li15Si4 [26-28]. The

corresponding peak continues to decrease in the

intensity and broaden upon cycling, as shown in Fig.

5. It is known that the well-defined peak at ~ 0.43 V

is observed with micron-sized Si particles [29-31],

while in the case of nanoscale Si, the corresponding

peak is broad [27,32,33]. Moreover, during cycling,

micron-sized Si particles are broken into nanoscale Si

particles, as reported previously [16-18,20]. An

additional broad peak at ~ 0.3 V, ascribed to the

delithiation from amorphous phase [27,34,35], is

Fig. 5. (a) Differential capacity plots of SCG composite

electrode at different cycles. Magnified differential profiles

of region (b) D1 and (c) D2. 

Fig. 6. Electrochemical properties of a blended electrode

with 10 wt% of spherical SCG composite and 90wt%

natural graphite. (a) galvanostatic charge-discharge curves

at the first two cycles and (b) cycle performance and

coulombic efficiencies during cycles. (d) Swelling rate of a

blended electrode and natural graphite electrode.
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formed and the extent of the peak intensity increases

upon cycling, as shown in Fig. 5b. It seems that the

decrease in the peak at ~ 0.43 V (Fig. 5c) is compensated

by the increase in the broad peak at ~ 0.3 V, as

inferred from the stable capacity retention. The

results indicate that despite the Si particle cracking

during cycling, the electrical contact of Si particles

within the SCG composite is maintained and the

direct contact of Si particles with electrolytes is pre-

vented.

In general, to improve the energy density of LIBs,

considering the large volume change of Si during

cycling, a blended electrode consisting of Si-based

anode material and graphite is preferred rather than

using Si-based anode material only [36-41]. Fig. 6

shows the electrochemical performance of a blended

electrode with 10 wt% of SCG composite and 90wt%

spherical natural graphite, targeting a capacity of

~500 mAh g-1. In view of the practical application,

the electrode was fabricated with an electrode density

of 1.6 g cm−3 and by mixing 95 wt% active material,

1 wt% carbon black, and 4 wt% binder (SBR/CMC).

The galvanostatic charge-discharge curves for the first

two cycles are displayed in Fig. 6a. The first discharge

capacity and the initial coulombic efficiency were

501 mAh g-1 and 87.5%, respectively, which are similar

to those calculated from SCG composite (10 wt%)

and spherical natural graphite (90 wt%). The cycling

performance of the blended electrode is shown in

Fig. 6b. It demonstrates negligible capacity fade in

the 100 cycles and high cycling efficiency. The

swelling of electrode was measured in the delithiated

state as a function of cycle number. The swelling

ratio of the blended electrode is compared with that

of the graphite electrode, as shown in Fig. 6c. The

main expansion of the blended electrode occurs

during initial 10 cycles, and during subsequent cycles

the thickness changes were much milder. It is worth

noting that the gap between the swelling ratio of the

blended electrode and the graphite electrode appears

to be similar during cycling, which implies the out-

standing structural stability of the blended electrode.

The electrode microstructures before cycling and

after 50 cycles were investigated to verify the struc-

tural stability of the blended electrode (Fig. 7). The

cross-sectional SEM images show that the structural

integrity of the electrode, especially of the SCG com-

posite, is maintained even after 50 cycles without sig-

nificant growth of SEI film.

4. Conclusions

A spherical Si/C composite was successfully

synthesized by assembling graphene wrapped bm-Si

/CNT/carbon composites through a spray drying

process. The robust design and structural stability of

spherical SCG composite allowed outstanding

cycling stability and superior rate capability. The fea-

sibility of SCG composite was further examined by

constructing a blended electrode, consisting of SCG

composite and natural graphite. The blended

electrode showed a capacity of ~500 mAh g-1,

maintaining stable cycle performance up to 100

cycles with high cycling efficiencies (> 99.5%). It is

Fig. 7. Cross-sectional SEM images of the blended electrode (a) before and (b) after 50 cycles with magnified images and

corresponding EDS elemental mapping results for C (purple) and Si (green).
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because undesirable capacity loss can be minimized

by effectively accommodating the large volume

changes and suppressing the electrical contact loss of

Si in the composite. We believe that our approach

would provide a practical solution for developing

advanced anode materials for high-energy LIBs.

Supporting Information

Supporting Information is available at https://

doi.org/10.33961/jecst.2021.01004
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