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ABSTRACT

SiO has a high theoretical capacity as a promising anode material candidate for high-energy-density Li-ion batteries. How-

ever, its practical application is still not widely used because of the large volume change that occurs during cycling. In this

report, an active material containing a mixture of SiO and graphite was used to improve the insufficient energy density of

the conventional anode with the support of multidimensional conducting agents. To relieve the isolation of the active mate-

rials from volume changes of SiO/graphite electrode, two types of conducting agents, namely, 1-dimensional VGCF and

0-dimensional Super-P, were introduced. The combination of VGCF and Super-P conducting agents efficiently maintained

electrical pathways among particles in the electrode during cycling. We found that the electrochemical performances of

cycleability and rate capability were greatly improved by employing the conducting agent combinations of VGCF and

Super-P compared with the electrode using only single VGCF or single Super-P. We investigated the detailed failure mech-

anisms by using systematic electrochemical analyses. 
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1. Introduction

Fine dust pollution and diesel gate are highlighting

the importance of eco-friendly vehicles, i.e., electric

vehicles (EVs) [1-3]. The insufficient performance of

lithium-ion batteries (LIBs) critically limits the

affordability of the EVs. To extend the efficiency for

the EVs for widespread use in our daily lives, it is

essential to improve the energy density of the LIBs.

At the same time, the importance of energy storage

systems (ESSs) has been emphasized due to the fluc-

tuating renewable energy resources that are required

to be load leveling. Since the scale of LIBs for the

ESSs is more than 100 times the capacity for EV bat-

teries, the high energy density of LIBs considerably

reduce the cost and space burden for the large scale

use of LIBs in ESSs. These very large systems

require a large scale of LIBs from kWh to MWh,

which is much larger than that for small portable

electronic devices. For affordable large scale LIBs, it

is necessary to improve the energy density of the

LIBs. Accordingly, many researchers in the LIB

community are studying high-energy-density active

materials [4,5]. Whereas graphite, which is the most

typical anode material for conventional LIBs, does not

have a sufficient theoretical capacity, 372 mAh g-1, sil-

icon (Si) has a high theoretical capacity of 4400 mAh g-1

[6-10]. Even with this distinct advantage of Si, it has

problems for practical applications as an anode mate-

rial for commercialized LIBs. During Li insertion/

extraction in Si, very large volume changes lead to

pulverizing of the electrode, causing detrimental

cycle life [6,10-15].

Many researchers have investigated the optimal

approaches between energy density and cycleability

by introducing a buffer matrix for relieving volume

changes and maintaining the electrode matrix [16-

18]. Si, having various types of inert matrixes, such

as metal, carbon and inorganic components, exhib-
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ited improved cycleability but reduced capacity. The

high capacity of Si enables this approach because the

reduced capacity caused by introducing the buffer

matrix is usually higher than that of graphite. Among

these concepts, SiO-based materials have also

attracted much attention as a promising anode mate-

rial because SiO generates a buffer component SiO2

[19-22]. Additionally, its preparation is very afford-

able. Despite the fact that it has a smaller theoretical

capacity than pure Si active material, cycle perfor-

mance can be highly improved to close to commer-

cialization. However, it still has a large volume

change and cannot totally solve the abovementioned

problems caused by pulverization. New concepts are

required to solve these critical problems of poor elec-

tronic conductivity and pulverization. Therefore,

many researchers have focused on improving the

electrochemical performances of SiO-based anode

materials [19-21,23,24].

In this work, we tried to improve the electrochemi-

cal performances of SiO/C composite electrodes by

using various conducting agents having different

morphologies, VGCF and Super-P. The optimal com-

bination of VGCF and Super-P for SiO/C electrode

was investigated to relieve the failure mechanism of

high capacity anode material. To elucidate the detail

mechanisms, the surface analyses and the electro-

chemical experiments were performed. Electrochem-

ical behaviors of half-cells were evaluated with four

kinds of electrodes by controlling the ratios between

VGCF and Super-P. 

2. Experimental

Electrode preparation - SiO/graphite electrodes

were prepared by coating an aqueous solution-based

slurry consisting of 94 wt% active materials (SiO and

graphite = 10:90 wt%), 3 wt% conducting agents,

and 3 wt% binder (SBR/CMC = 2:1) onto copper

foil. The total concentration of conducting agents

was fixed at 3 wt%; the VGCF/Super-P conducting

agents were portioned out in the ratios of 0:3, 1:2, 2:1

and 0:3. The electrode sheet on which the slurry was

cast was thoroughly dried in a convection oven at a

temperature of 80oC. The electrode was then pressed

using a roll presser.

Characterization - The surface morphologies of

these electrodes were observed using field emission

scanning electron microscopy (FE-SEM, JSM-

7001F). The electronic conductivities of the mixture

of conducting agent and active materials were mea-

sured using a four-probe method under various pres-

sures of 200, 400 and 600 kgf.

Electrochemical Characterization - Each electrode

sheet was punched into a disk shape of diameter of

1.2 cm. The composite electrodes were thoroughly

dried at 120oC in a vacuum oven overnight, and

2032-type coin half cells were fabricated in an Ar-

filled glove box. The coin-type half cells consisted of

Li metal foil as the counter electrode and a polypro-

pylene separator (Celgard) with electrolyte (1.0 M

LiPF6 / EC:DEC (3:7 vol%), Panaxetec). After

assembly, the coin cells were at rest for 12 hours

before the electrochemical measurements. The elec-

trochemical performance of the cells was evaluated

using a Wonatech WBCS 3000. For the first cycle (as

a formation cycle), they were first charged under

0.05 C (lithiation, 1 C = 450 mA g-1) and discharged

(de-lithiation) under 0.1 C of the current density in

the potential range of 0.005 to 2.0 V in the chamber

at room temperature. After the initial cycle, the sec-

ond and third cycles were charged and discharged

under the same current density of 0.1 C. Then, the

subsequent cycles were charged at 0.2 C and dis-

charged at 0.5 C. Galvanostatic intermittent titration

technique (GITT) measurements were performed

using WBCS-3000 cyclers (Wonatech). After charging

with a current density of 0.05 C for 50 mAh g-1, the

cell potential was stabilized to OCV by using a rest

step for an hour. The same process was repeated until

the accumulated charging capacities reached 500 mAh

g-1. The discharge sequence was followed by using 0.5

C current density until the potential reached 2.0 V

under the same capacity condition.

3. Results and Discussion

Fig. 1 depicts the SEM images of the electrodes

comprising SiO and graphite with various combina-

tions of VGCF and Super-P conducting agents. Two

types of active materials can be clearly distinguished

by different contrast in all SEM images due to differ-

ent electronic conductivities between SiO and graph-

ite. The bright particles are thought to be SiO because

emitting electrons are stacked on the surface due to

the poor conductivity of SiO. In contrast, the dark

particles are graphite, which has high conductivity.

The SEM images from the electrode having VGCF



246 Suhyun Lee et al. / J. Electrochem. Sci. Technol., 2019, 10(2), 244-249

exhibit a distributed wire-type VGCF (Figs. 1a-c).

Additionally, the electrodes with the combination of

VGCF and Super-P also have nanosize round carbon

particles that are Super-P (Fig. 1b and c). It is noted

that the electrode with the single conducting agent of

VGCF, Fig. 1a, has certain spaces in which carbon

conducting agents are not filled. In contrast, an

amount of carbon is homogeneously distributed in

the electrode with Super-P (Fig. 1d). Basically,

VGCF and Super-P are uniformly mixed in the elec-

trodes (Figs. 1c and d). The enlarged images have

similar tendencies from Fig. 1e to 1h. 

The electronic conductivities of the pellets with

conducting agent and active material of SiO and

graphite were evaluated under various pressures from

200 to 400 kgf and the results are shown in Fig. 2. As

the pressure increases, the conductivity also increases

because high pressure leads to efficient electron path-

ways by reducing voids between the particles. The

conductivities of the pellet with only VGCF are 20,

37 and 55 under various pressures of 200, 400 and

600 loads, respectively. Under the same conditions,

the pellet with the single conducting agent of Super-P

sample presents conductivities of 23, 40, and 58,

respectively, which are higher than the conductivity

of the VGCF sample. Even though the electronic

conductivity of VGCF having high crystallinity is

higher than Super-P, the electrode having only VGCF

was not better than the electrode with Super-P. As

shown in Fig. 1a, the electrode having VGCF con-

tains voids between the particles, which highly limit

the electron pathway. Based on the similar FE-SEM

images, the sample with pure Super-P also has a sim-

ilar level of conductivity to the VGCF sample. The

electrode having two types of conducting agent

exhibited higher conductivity than the electrode with

only a single type of conducting agent. It is thought

that the distribution of the conducting agent as well

as its electronic conductivity is also important. 

The electrochemical behaviors of the electrodes

with different conducting agents were further evalu-

ated by GITT upon first cycle (Fig. 3). In order to

equally control the volume expansion by the same

amount of lithiation, the specific charge capacity was

accurately controlled to 500 mAh g-1 by a low current

density of 22.5 mA g-1 (0.05 C). It is found that the

green curve from the electrode having only Super-P

always has a lower potential for the lithiation curve

than the others, representing a high resistance. How-

ever, different discharge capacities were obtained

from the experimented cells. A large volume change

accelerated the pulverization of the electrode, but the

1D conducting agent of VGCF reduced the failure

mode from particle isolation via electronically link-

ing the particles over the space. The difference in dis-

charge capacities from the cells also reflect different

electrochemical behavior during the lithiation pro-

cess. As shown at the end of discharge at the accumu-

lated specific capacity of 850 mAh g-1 in Fig. 3, the

cell with Super-P (green curve) exhibits the voltage

curve at the highest position. This means that the

round-type conducting agent is not sufficient to hold

Fig. 1. FE-SEM images from the pristine composite electrodes with a) VGCF, b ) VGCF/Super-P (2:1), c ) VGCF/Super-P

(1:2), and d) Super-P. e), f), g), h) The magnified SEM images of the VGCF, VGCF/Super-P (2:1), VGCF/Super-P (1:2)

and Super-P electrodes. 
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the electron path long after the volume changes

during lithiation, whereas the combination of VGCF

and Super-P (red curve) has a higher capacity and

lower potential throughout the discharge sequence.

This indicates that the combination works well in

reducing resistance and reversibility. 

Fig. 4a presents the first voltage profiles of the

electrodes with the different conducting agents

VGCF and Super-P in different ratios. For this figure,

the potential range from 2 and 0.01 V were used. In

Fig. 4a, the initial discharge capacities of the cells are

similar to each other and the initial coulombic effi-

ciencies are calculated to be above 8d5 % in all sam-

ples (86.7, 86.2, 87.9, and 86.6 % for VGCF3:SP0,

VGCF2:SP1, VGCF1:SP2, and SP3, respectively).

Those cells exhibited different charging capacities of

576.7,  596.3,  600.6, and 598.9 mAh g - 1  for

VGCF3:SP0, VGCF2:SP1, VGCF1:SP2, and SP3,

respectively. The anode having Si based material has

the largest volume change at the end of charge, so the

reversibility of the end of charge sequence is efficient

to understand the role of conducting agents in this

paper. Therefore, to distinguish the detrimental effect

in the end of charging process, we tried to use differ-

ent volumes changes by various charging conditions.

A new group was added, in which the initial charging

capacities were controlled to 450 mAh g-1 (Fig. 4b).

In Fig. 4b, it is confirmed that the initial coulombic

efficiencies are 84.4, 83.4, 83.5 and 82.8% for

VGCF3:SP0, VGCF2:SP1, VGCF1:SP2, and SP3,

respectively. As the portion of the initial electrolyte

decomposition in the charging capacity increase, the

coulombic efficiencies decrease. In Fig. 4b, under the

same charging capacity condition, the irreversible

capacity of the cell having the Super-P electrode was

higher than the other types of electrodes having

VGCF as single or combination conducting agents.

Fig. 4c shows the coulombic efficiencies under the

charged capacity (450 mAh g-1). The error bar was

obtained by compared fig. a and Fig. 4b, the elec-

trode using combined conducting agents has higher

coulombic efficiency than single Super-P and single

VGCF. Si particles have a large volume change

Fig. 2. Electronic conductivities from pellets having SiO,

graphite and conducting agents by a 4-probe method under

various pressures from 200 to 600 kgf cm-2.

Fig. 3. GITT voltage curves from the cells having various

conducting agents. 

Fig. 4. the 1st voltage curves a) in the potential range from 5 mV to 2 V and b) with the limitation of 450 mAh g-1·c)

Coulombic efficiencies by using a higher charge capacity than 450 mAh g-1 by combination with a) and b).
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during Li insertion/extraction in Si. Thus, the Si par-

ticle of single Super-P used sample was separated

from other Si particles and conducting agent. There-

fore, the Si particles isolated by the volume change

were not connected to the electron transfer pathway.

However, the mixed VGCF and Super-P conducting

agent samples kept conducting long after the volume

change, because VGCF is connected to the Si particles

to keep conducting long after the volume change. 

 Fig. 5 presents the cycling performance of cells

having different morphologies of conducting agents.

During the initial 20 cycles, the capacity decreases

were prominent due to large volume changes. After

decreasing the capacity, the cycleability was stabi-

lized because of low volume changes. In this trend,

the electrode having VGCF/Super-P (2:1) exhibited

better cycleability than the others. The specific

capacity of VGCF / Super-P (2: 1) sample was

403 mAh g-1 after 40 cycles, indicating a capacity

higher than 370 mAh g-1 of graphite. 

To check the power density, the rate capability with

various discharging current conditions was studied.

Fig. 6 exhibits rate capabilities of cells having vari-

ous ratios of VGCF and Super-P. The rate capability

was performed under different current densities of 1

C, 3 C, 5 C, 10 C, and 15 C. Being similar with the

cycleability, the VGCF / Super-P (2:1) sample also

maintained a higher specific discharge capacity at

various current densities than the other electrodes.

4. Conclusions

The optimal combination and the effect of multidi-

mensional conducting agents of VGCF and Super-P

for SiO/C electrode were investigated to relieve the

failure mechanism of the high-capacity anode mate-

rial having large volume changes. To elucidate the

mechanisms, surface analyses and electrochemical

experiments were performed. The multishaped con-

ducting agent with VGCF can maintain electrical

connectivity to avoid isolation of SiO particles. How-

ever, the high density and 1-dimensional VGCF

caused a void space among particles, in turn causing

high polarizations by reducing distribution of the

conducting agent. However, the combination of

VGCF and Super-P for the SiO/C electrode gave sta-

ble cycle performance. It was also confirmed that

reversibility of the capacity was better in the elec-

trodes using the combined conducting agents of

VGCF and Super-P than in the electrodes using sin-

gle VGCF or single Super-P. 
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Fig. 5. Cycleability with the cells having VGCF, VGCF/

Super-P (2:1), VGCF/Super-P (1:2), and Super-P. The

current density was 0.5 C for discharge and 0.2 C for

charge (1C = 450 mA g-1). Filled and blank circles

represent for discharge and charge capacity, respectively. 

Fig. 6. Discharge voltage curve from cells having various conducting agent systems: a) VGCF, b) VGCF:Super-P (2:1), c)

Super-P.
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