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Abstract

Composite materials which, when mixing graphite with montmorillonite and TEF oligomer, can replace lithium metal as the negative
electrode materials for the lithium secondary batteries have been studied. The anode composite materials were fabricated by mixing graphite
with different components of montmorillonite and TFE oligomer, even lithium fluoride. The microstructure of the anodic composite materials
were characterized by X-ray diffraction and its data was refined with the Rietveld analysis. The electric properties of the composite materials
were characterized by electrochemical impedance spectroscopy (EIS). The electrochemical behaviours of the composite materials were
investigated in a 1 M LiPF, solution with a 50:50 mixture of ethylene carbonate (EC) and diethylene carbonate (DEC). In our previous
study, with the increased graphitization of the graphite materials, the layer structure became more orderly and the discharge capacity higher,
however, the electronic behavior of Li-GIC, as a composite material mixed with montmorillonite intercalated by TEF oligomer, became
complicated in this case. From the cyclic voltammetry, with the increasing of potential sweeping rate, the anodic peak would shift to the
higher potential and show a larger current. The relationship between the component of anode composite materials and its intercalation as the

result of the electrochemical behaviours will be discussed.
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1. Introduction

In recent years, the graphitizating and non-graphitizating
carbon materials such as natural graphites [1], artificial
graphites [2], carbon black [3], actived carbon [4], pitch
cokes [ 5], carbon fibers [ 6], mesocarbon [ 7] and carbonized
polymers [8] were investigated for use as Li-intercalation
negative electrodes for rechargeable lithium batteries. Those
carbon anodes can avoid the formation of lithium dendrite on
the surface and has particular advantages. Therefore, good
reliability, high voltage, high capacity, little pollution and
safety of the batteries can be obtained. However, there are
still many works to be done. such as reducing irreversible
capacity losses, choosing carbon materials with large capac-
ity, and so on [9,10]. The main structural factors of the lattice
parameters (a and ¢), graphitization degree and crystallite
sizes (L, and L.) of various carbon materials and the relation
between structures of carbon materials and its electrochemi-
cal properties were discussed in the previous study [11].
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Polyvinylidene difluoride (PVDF) is a better binder than
ethylene/propylene/diene polymer (EPDM) for carbon
electrode materials, and the electrolyte (LiPF, dissoved in
(EC+DEC)) is adequate for the lithium cell [12,13]. In
this study, the relation between the structure of the carbon
materials and their electrochemical properties in this lithium
ion cell system was examined.

2. Experimental

Artificial graphite (I1G-11, SGP-25 and Nippon carbon CB-
400), carbon black, activated carbon and mesophase carbon
microbead were heat-treated graphitized under a reduction
atmosphere at 600°C, 2000°C, 2200°C, 2300°C, 2400°C and
2500°C in order to study the graphitizating process and to
obtain carbon materials with a various degree of graphitiza-
tion. The microstructure of carbon materials were character-
ized by X-ray diffraction (XRD) and refined with the
Rietveld method. The experimental diffraction pattern was

fitted with a calculated profile using a crystal structure model.
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After Rietveld analysis, the crystal parameters were identified
and the graphitization degree and its crystalline sizes (L, and
L.) were calculated. The carbon anodic electrodes were pre-
pared by wet mixing of carbon materials, binder (PVDF)
and solvent (n-methyl-2-pyrrolidone ) and the carbon slurry
was then spread on the nickel sheet. A typical three-electrode
cell was constructed for electrochemical measurements. The
carbon materials are used as working electrodes and an Li
metal foil is used for both the counter and reference elec-
trodes. The electrochemical behaviors of the carbon materials
were investigated by using the cyclic voltammetry with a
different sweep rate in a | M LiPF, solution of a 50:50 (vol-
ume) mixture of ethylene carbonate (EC) and diethylene
carbonate (DEC). The interfacial properties at carbon/elec-
trolyte solution were studied by electrochemical impedance
spectroscopy (EIS900) with a frequency range of 100 KHz
to 0.1 Hz. A two-electrode cell was constructed with carbon
and lithium metal foil for capacity testing in the same elec-
trolyte solution. These cells were cycled at 0.223 mA cm ™2
and 0.01-3.0 V cut-off voltages for charge and discharge.

3. Results and discussion

The electrochemical behavior of the composites, which
involved mixing graphite with montmorillonite and TEF olig-
mer, is very complicated in this experiment. It is becoming
more difficult to analyze the electrochemical properties of the
composite electrode. It requires more work to be done in the
future. The purpose of this report is to discuss the electro-
chemical properties of various carbon materials electrode.

In a previous study [11], the XRD patterns should be
refined using the Rietveld method which can modify the peak
profile, zero shift and orientation to obtain the exact crystal
parameters. Although the Franklin equation is generally used
to calculate the graphitization degree, the Maire and Mering
equation was much better in this case. We also found that
there exists the rhombohedral graphite phase with about 20%
in the artificial graphite. The data, analyzed using the Rietveld
method with a two-phase model (hexagonal and rhombohe-
dral), gives a much better fit than that for one phase [11].

It is observed that the graphitized process of the carbon
begins at 2000°C. Although the carbon black and activated
carbon are the non-graphitization carbon materials, similarly
to the graphite materials, their degree of graphitization
increases as the temperature increases and changes linearly
with a relation. The crystallite size (L.) of graphite material
is largest (350 ~ 605 A) in these carbons and rising as the
d(002) increases. The L. of carbon black and activated car-
bon are middle (20-30 A) and smallest (15-35 A), respec-
tively, and rising as the d(002) decreases. The L, is also in
the same distribution.

Typically, the anodic and cathodic peaks in the cyclic vol-
tammetry of graphite powder occur at 0-1.1 V versus Li/
Li+. With the increase in the potential sweep rate (v in
mV min~"), the anodic peak shifts to a higher potential and

shows a larger current. In the previous study [ 117, the anodic
potential changes linearly with sweep rate and it can be sep-
arated into two sections. As described as the Randles—Sevcik
equation [ 14], the anodic and cathodic current increase as
V"2 Atlower v ( <12 mV min~"), the relationship between
anodic current and »'/? shows a straight line which passes
through the origin point, which can be described as the Ran-
dles—Sevcik equation. As v ( <12 mV min™ ") increases, the
anodic currents are lower and tend to level off. According
to the reversible reaction, xLi™ +xe~™ 4+ 6C < Li C,, where
x=0-1, the anodic current is caused by lithium deinter-
calation.

The typical charge—discharge curve for the graphite elec-
trode is shown in Fig. 1. The Coulombic efficiency at the first
cycle of various graphite materials is about 80%. There is a
voltage plateau from 0.8 to 0.6 V at the first cycle due to the
surface film growth for the typical graphite electrode, but this
is not found at the subsequent charge-discharge curves. The
same behavior was obtained from the difference between the
first cycle profile with a cathodic peak near 0.7 V and the
next one of the cyclic voltammetry test pattern. The surface
film capacity loss is the most serious energy loss for lithium
ion batteries with a graphite electrode. It is also observed that
a small amount of electrical quantity was consumed from the
open circuit voltage (OCV; 3.0-3.3 V) to 0.8 V which may
be caused by electrolyte decomposition. The reversible
capacity occurs from 0.25 to near 0 V of charge—discharge
profile. The capacity loss of different graphite electrodes is
shown in Fig. 2. Generally, it was considered that the irre-
versible capacity loss of those graphite electrodes was com-
pletely caused by the surface film growth. From Fig. 2 one
can find that the surface film loss of IG-11 and MCMB is
larger than SGP-25 and Nippon Carbon CB-400. The first
cycle discharge capacity of various graphite materials with a
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Fig. 1. Charge—discharge curves of typical graphite from a thres-electrode
cell with an Li metal counter electrode and 1 M LiPF6/Ec + DEC, cycled at
0.223 mA cm™?, cut-off votages of 0.01 ~3.0 V.
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Fig. 2. The irreversible capacity loss and reversible capacity of different
graphite electrodes at first cycle.

different degree of graphitization is shown in Fig. 3. It is
shown that as the degree of graphitization rises, the discharge
capacity increases for graphite and decreases for non-graph-
itized carbon such as carbon black and activated carbon. In
fact, similarly, with the increase of crystallite size (L,), the
discharge capacity of graphite increases and that of carbon
black and activated carbon decreases.

A typical Nyquist diagram, shown in Fig. 4(a), is com-
posed of two semicircles and a Warburg branch at low fre-
quency. The semicircle obtained at intermediary frequencies
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was associated with the charge transfer impedance and the
high frequency semicircle to the passivation film. Because
the frequency of the test instrument is limited to 0.1 Hz, the
Warburg branch is not clearly observed at low frequency from
a fresh cell with the Nippon Carbon CB-400 electrode. In the
liquid electrolyte, after cyclic voltammetry or the charge/
discharge test, the reduction yields a film that protects the
lithiated carbon from direct contact with the electrolyte. The
resistance of the cell with graphite electrodes increases after
examination, the Warburg branch became larger than that
with fresh graphite electrode, as observed in Fig. 4(b). We
analyzed the experimental data used a EIS900 electrochem-
ical impedance system by an equivalent circuit model, as
shown in Fig. 4(a).

The composition of the total resistance of this system
included the sum of the resistance of the electrolyte and the
current collector (R,), the charge transfer resistance (Rcr)
and the film resistance (Rgy,). This indicates that the semi-
circle in the middle frequency region and the Warburg branch
in the low frequency region correspond to the impedance for
the graphite/electrolyte interfacial process and lithium
diffusion into the graphite layer, respectively.

4. Conclusions

The exact degree of graphitization and crystallite sizes (L,
and L,) of graphitized carbon and non-graphitized carbon
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Fig. 3. The relationship between first cycle discharge capacity and different graphitization degree of various carbon materials.
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ent potential sweep rates. This might be attributed to the inter/
deintercalating behaviors of lithium ions. Besides, the anodic
current shows areversible behavior at a lower potential sweep
rate of below 12 mV min~".

The irreversible capacity loss for various graphite materials
consists of the loss owing to the formation of the surface film,
electrolyte decomposition and unknown loss capacity that
occurs in the range of lithium ion intercalating voltage. It is
suggested that the irreversible capacity losses would be
decreased by selecting the graphite materials with a high
degree of graphitization and microcrystals.

As the degree of graphitization increases and crystallite
sizes increase (L, and L,), the capacity increases for graphite
and decreases for non-graphitized carbon including carbon
black and activated carbon.

The semicircle in the middle frequency region dependence
of the impedance for the graphite/electrode interfacial pro-
cess and the Warburg branch is indicated by the behavior of
the lithium diffusion in the graphite layer.
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