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Abstract

The capacity of natural graphite in the lithium ion battery anode decays seriously. The phenol resin is used as a reaction material to modify
the electrochemical performance of spherical graphite as the anode material in lithium ion batteries. Measuring the reversible capacity indicates
change in the surface structure of spherical graphite. A dense layer of methyl groups was thus formed. Some structural imperfections are removed
and the stability of the graphite structure is increased. Clearly, reducing the irreversible capacity is beneficial in controlling the uniformity of the

spherical graphite surface structure.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium ion batteries have several advantages over traditional
rechargeable batteries and they have advanced very rapidly since
their original development at the end of the 1980s and in the early
1990s. Of various carbon materials, graphite becomes the pre-
ferred anode electrode material due to its theoretical capacity
of 372 mAh/g, a low and smooth voltage curve and low cost.
Although numerous anode materials have been investigated,
graphite remains the preferred one.

Graphite has a spherical morphology that favors the passing
of lithium ions. Spherical natural graphite is preferred as the
anode electrode material. However, its severe capacity decay
may limit its future utilization. In batteries, lithium ion interca-
lation and de-intercalation reduce the performance and lifetime
of the battery. Therefore, the surface modification of spherical
graphite has recently become a subject of research. For instance,
graphite is mildly oxidized by catalytic oxidation [1-3], air
[4-6], oxygen, carbon dioxide [7], solution of H,O3, Ce(SO4)2
[8,9], or fluorinated by fluorine gas [10—-12]. It has other uses,
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such as epoxy resin coating [13], ionic conductive copoly-
mer [14], oxidative solutions [15,16], silver deposition [17] or
mechanical milling [18]. Other carbonaceous materials can also
be deposited by thermal vapor deposition (TVD) on the surface
of graphite pitch coke, phenol-formaldehyde resin and pyrol-
ysis carbon [19], The complexity of research and development
increased as new carbon coating methods are developed.

In this work, phenol resin is used as a carbon coating mate-
rial. The phenol resin after heat-treatment will be changed into
hard carbon that covers the spherical graphite surface. Phenol
resin pyrolyzes upon heating to the glass-transition-temperature.
It floats well and exhibits favorable chemical properties. Carbon
coating and improved performance are expected herein to reduce
the decay in the battery capacity. The use of modified spherical
graphite is expected to increase the competitiveness of commer-
cial anode electrode production.

2. Experimental
2.1. Powder preparation

The spherical natural graphite used herein was from Mainland China. The
original natural graphite flakes from the jet miller were spread to spherical
graphite. The phenol resin was obtained from Kuen Bong Chemical Industry
Corp. Taiwan. 0, 10, 25 and 45 wt% phenol resin were blended with spheri-
cal natural graphite. The powders were code-named as NGO, NG10, NG25 and
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NG45, respectively. The blended powders were mixed into the methyl alcohol
solvent for 30 min with a magnetite agitator. At room temperature, drying totally
volatilizes methyl alcohol to form slurry powder. The phenol resin/spherical
graphite precursor powders were placed in a tube furnace with nitrogen, and
then heated to 1100 °C at a heating rate of 10 °C/min at which they were soaked
for 5 h. Phenol resin/spherical graphite composite powders were produced after
grinding and sieving through a 400 mesh. The FEG-SEM, X-ray diffraction and
charge/discharge testing were employed to verify the structural characteristics
of the carbon-coated graphite.

2.2. Electrode preparation

Anode electrodes were prepared using poly-vinylidene fluoride (PVDF) as
a binder and n-methyl pyrolidinone (NMP) as a solvent. The mixture was mixed
uniformly by agitation for 15 min. The slurry powders were deposited onto
a copper foil substrate to a thickness of 200 wm. The remaining solvent was
removed by baking at 90 °C in vacuum.

2.3. Battery assembly

The rolled film was cut into 1cm? circle plates, and used as the anode
electrode. The cathode was lithium metal foil. The electrolyte solution was 1 M
LiPFs-EC/EMC (1:2 by vol.). Coin cells were assembled under atmospheric
conditions in a dry room. The electrochemical characteristics were determined
from the galvanostatic discharge/charge cycle, corresponding to a rate of C/10
between 0 and 1.8 V versus Li/Li*.

3. Results and discussion
3.1. X-ray diffractometry (XRD)

Fig. 1 indicates that the characteristic natural graphite peak
with 42.5° H(100) and 44.5° H(101) has a hexagonal structure,

2pm Mag = 3.00 KX
— WD =5 mm

H (101)

H (100) R (101) R (102)

Spherical Graphite

/ \ NG25 (after heat treatment)

NG25 (before heat treatment)

Intensity (arb.unit)

40 42 44 46 48 50
2 theta (degree)

Fig. 1. XRD of spherical natural graphite and carbon-coated graphite with
25 wt% phenol resin (NG25) by heat-treatment at 1100 °C.

and that with 43.5° R(101) and 46° R(102) has a rhombohe-
dral structure. The hexagonal structure peak intensity tends to
decline and the rhombohedral peak intensity increases as the
amount of phenol resin is increased. The phase peak intensi-
ties in Fig. 1 reveal that phenol resin decomposes to amorphous
hard carbon at high temperature as the thickness of the carbon
coating increases. The amount of crystalline graphite decreases
as more carbon is coated onto the graphite surface. As the
carbon coating weight percentage increases, the coverage of
the surface increases and the peak at the H(100) and H(101)
decreases. Graphite crystallization declines after the weight per-
centage increases. Fig. 1 shows that graphite NGO has the highest
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Fig. 2. SEM of graphite samples (a) NGO. (b) NG10. (c) NG25. (d) NG45.
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level of crystallization. As the carbon coating weight percentage
increases to 25 wt%, the degree of crystallization decreases. As
the coverage of the carbon coating increases, the phenol resin
decomposes the amorphous hard carbon, reducing the crystal-
lization degree of the graphite.

3.2. Scanning electron microscope (SEM)

Fig. 2(a)—(d) presents the SEM pictures of carbon coat-
ing. Fig. 2(a) shows an SEM photograph of spherical natural
graphite. The mechanical stress caused by jet milling estab-
lishes a sphere-like morphology. The sizes of the particles are
acceptable. The particles are approximately 35 wm in size and
are uniformly distributed.

The morphology changes after the carbon coating as pre-
sented. The 10 wt%, 25 wt% and 45 wt% carbon-coated samples
are prepared by heat-treatment at 1100°C for 5h in a tube
furnace. Fig. 2(b) demonstrates that the powders with fewer
agglomerations in coating 10 wt% coating than in the other coat-
ings. Organic polymers are present among the particles. The
coverage increases with the weight percentage. The particles
are sized from 30 pm to 100-1000 wm, and the agglomeration
is more severe.

3.3. Raman spectroscopy

Fig. 3(a) presents the Raman spectra of phenol resin on spher-
ical natural graphite. The graphite characteristic peak of the
G-band was at around 1580 cm™!. The diamond or carbon char-
acteristic peak of the D-band was at around 1360 cm™'. The
intensity of the peak at 1580 cm™! tends to drop as the amount
of added phenol resin increases. The intensity of the peak at
1360 cm™! remains constant at low concentrations. The char-
acteristic peak at 1580cm™! becomes stronger at 1360 cm™!
as the added amount is increased to 15 wt%, indicating that
graphite exhibits higher graphitization upon the addition of less
phenol resin is added. As the added amount increases, the phe-
nol resin decomposes into hard carbon, which in turn increases
the amount of amorphous carbon. Therefore, the graphitization
of the carbon-coated graphite decreases as the amount of coke
increases.

Fig. 3(b) plots the specific value of the Raman characteristic
peak intensity. It is defined as R-value = (I1360)/(I1580)- A larger
R-value shows that the D-band intensity is more obvious with
the added phenol resin. This is a standard index of the amount
of carbon coating [20-22]. This picture demonstrates that the
R-value is 0.07 when the phenol resin approaches 10 wt%. The
R-value increases to 0.46 as the amount of phenol resin increases
to 45 wt%, and the carbon coating on the graphite surface is
thickened.

3.4. Charge—discharge test

The charge—discharge test was performed to plot the voltage
versus the capacity. Fig. 4(a) presents the bare spherical natural
graphite charge—discharge results. The first discharge capacity
approaches 350 mAh/g, whereas the first irreversibility is almost

1580 (G-band)
1360 (D-band) %
%*
- NG45
g NG25
£ NG15__ |
&
%‘ NG10
g
2
=
NGO
L I} 1 2 -
1000 1200 1400 1600 1800 2000
(a) Wave number (cm'l)
0.40
n
35+ —
0 3 R - I]350 / 11580
2 030}
é 025
& L
2 o020} u
@
=
= 0.15F
2 ]
? 0.10 |
= oos| n
!
o.w L 1 L Il ]
0 10 20 30 40 50
(b) Phenol resin amounts (wt%)

Fig. 3. Raman spectra and R-value of spherical graphite. (a) Adding different
amounts of phenol resin. (b) R-value of spherical graphite obtained by adding
different phenol resins.

14.3%, which is close to that of the commercial anode material
MCMB, with a value of 10%. However, as the duration for the
charge—discharge cycle increases, the capacity decays severely.
On the fifth test, the capacity has already decayed to 200 mAh/g,
indicating the bare spherical graphite, which facilitates the pen-
etration of the lithium ion insertion while lithium ion is initially
stored in the first cycle. Clearly, the capacity is the highest during
the first charge—discharge cycle. However, the capacity decays
seriously as the duration of the charge—discharge cycle increases.
The spherical graphite structures are probably not very tough.
The lithium ion can no longer be inserted, causing serious capac-
ity decay.

Fig. 4(b)-(d) and Table 1 demonstrate that the capac-
ity increases with the carbon coating. After the fifth
charge—discharge cycle, the charge capacity of the car-
bon coating 10wt% decreases to 291 mAh/g and that at
25 wt% decreases to 342 mAh/g. When the amount of phe-
nol resin added was increased to 45 wt%, the charge capac-
ity approached 372 mAh/g, indicating good stability during
the charge—discharge cycle. The capacity drop in NG45 was
improved. The first irreversibility of the spherical natural
graphite and the carbon-coated graphite does not significantly
differ from NGO to NG25 that presented in Table 1. Fig. 5 depicts
the cycling behaviors of the discharge capacity of spherical nat-
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Fig. 4. Charge—discharge curves of spherical natural graphite and carbon-coated graphite in (a) NGO. (b) NG10. (c) NG25. (d) NG45.

Table 1
Charge—discharge characteristics of the spherical natural and carbon-coated
graphite

Samples Ist discharge  Istcharge  Istirreversibility 5th charge
name capacity capacity (%) capacity
(mAbh/g) (mAbh/g) (mAbh/g)
NGO 350 300 14.3 200
NG10 373 317 15.0 291
NGI15 442 365 17.4 337
NG25 417 358 14.1 342
NG45 511 376 26.4 372
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Fig. 5. Cycling behavior of discharge capacity of the spherical natural graphite
and carbon-coated graphite.

ural graphite and carbon-coated graphite. Heat-treatment with
phenol resin and carbon coating improve the graphite structure.
Modifying the surface of the graphite enhances the electro-
chemical performance and increases the stability of lithium ion
batteries.

4. Conclusions

Carbon coating by heat-treatment at 1100 °C with phenol
resin improves the efficiency of spherical natural graphite.
Amorphous carbon is formed on the graphite. This film inhibits
the insertion of the lithium complex into the graphite interlayer,
increasing the charge—discharge efficiency. The first charge
capacity approaches 376 mAh/g when the amount of added phe-
nol resin is 45 wt%. The stability of the capacity is effectively
maintained after the fifth charge—discharge test. Surface mod-
ification enhances the storage of lithium ions, increasing the
capacity. Carbon coating on the graphite surface causes the SEI
to be smooth following the first charge—discharge cycle, improv-
ing the stability and cycle life of the battery.
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