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Abstract

Natural graphite with a high capacity for lithium-ion cells is obtained by the chemical flaking of natural graphite along cleavage planes.
Flaking of graphite (toliated graphite) is obtained viu: (i) formation of expanded graphite from natural graphite by acid treatment. and (ii)
mechanical and ultrasonic powdering of expanded graphite. This treatment is useful even for natural graphiz., ihat contains a large ash content,
which shows very poor capacity and large polarization. © 1997 Elsevier Science S.A.
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1. Introduction

During the past several years, many carbonaceous graph-
ites, such as natural graphite, cokes and graphitized carbons,
have been widely investigated as the alternative anodes for
rechargeable lithium-ion cells. Among the many types of
carbon anodes, natural graphite appears to be a most desirable
candidate due to its high capacity. low cost and low electrode
potential relative to lithium meta!. In practical applications,
however, a number of problems with graphite anode have
still to be overcome in order to improve rate capability and
cycleability. In particular, the performance of the graphite
anode is influenced swrongiy by both the cycling rate and the
electrode thickness | 1]. This is mainly associated with mor-
phological aspects of the compound (e.g. particle size, sur-
face area and crystallinity). The present work reports the
electrochemical performance of a foliated graphite as an
anode for lithium-ion cells.

2. Experimental

Two kinds of natural graphite (NGr), namely, China
graphite (ash 0.3%) (NGrCH) and Madagascar graphite
(ash 9.2%) (NGrMD) were used as the starting material,
Foliated graphite (FGr) was obtained via: (i) natural graph-
ite, as received, was immersed in a H,SO;/HNO; (9:1 in
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v/v ratio) mixed acid solution for 2 h and intercalation of
sulfuric acid was carried out between the graphite layers;
then, it was filtered off and washed with water; (ii) the result-
ing material was heated at 1000 °C under a nitrogen gas
atmosphere to form expanded graphite (EGr) and was then
ground into a powder, and (iii) ground EGr was dispersed
into water and powdered further using an ultrasonic method.
Thus, foliated graphite (FGr) was formed.

The charge and discharge characteristics of NGr, EGr and
FGr were examined in coin-type cells. The cell comprised a
graphite electrode and a lithium metal with a separator in
between. The graphites (5 to 15 mg) were mixed with 5 wt.%
ethylenepropylenedien polymer (EPDM) as a bindur dis-
solved in n-hexane. The paste mixture was spread thinly on
a stainless-steel mesh and pressed at 1 ton cm 2. The elec-
trodes were dried under vacuum at 200 °C for 2 h. The elec-
trolyte was a 1 M LiPF~ethylene carbonate (EC)/dimethyl
carbonate (DMC) (1:2 in volume). Galvanostatic charge
and discharge were carried out between 1.5 and 0.001 V a1,
typically, 0.4 mA cm ™2,

3. Results and discussion

The crystallite parameters L,, L. and dy,, were calculated
using the following equations from the X-ray diffraction pat-
terns (XRD) of the test graphite materials:
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Table 1
Some physical properties of graphites
Graphite Mean particle Mean particle Ash Specitic dy Lo o, L, o n-value
type size thickness content surface area (nm) (nm) (nm)
(pm) (pm) (WL%) (m*g™")

NGrCH 1160 38 03 0.6 0.335 129 201 294
EGrCH 25 5 03 17.1 0335 79 115 63
FGrCH 25 0.1 0.3 17.6 0335 69 25 1.5
NGrMD 246 15 9.2 2.2 $.335 252 538 e SR e
EGrMD 25 3 6.4 15.8 0.335 49 66 61
FGrMD 25 0.1 €3 230 0335 48 59

(.89s l of L.(002) and L,(110) for FGrs was observed compared
L.110)= [Byincos(6),0) ] h with those for the NGrs.

The morphological changes on going from NGr to EGr
L.(002) = 0.89s (2) and FGr can be explained in terms of the degree of graphite
( -

foliation in the thickness direction. The mean number of
crystallites in a thickness direction of graphite particles

[ Bz €OS( Oy2) |

where s is the wavelength of Cu Ka (s=0.15418 nm), 8,
and By, are the width at half-maximum of the (100) and
(002) diffraction peaks, 6,,, and 8, are the corresponding
Bragg diffraction angles.

From the results given in Table 1, it can be seen that the
mean particle size and thickness decrease in the order:
NGr> EGr=FGr. The values of dy, of the EGr and FGr
compounds are essentially the same as those of the as-

(n-value) may be defined as follows

_ mean particle thickness
L.(002)

(3)

The n-value may also be defined as the thickness of the slab
of graphite layers along the c-axis. NGrCH has a thickness
of 38 wm and an L.{002) of 129 nm. Thus, thickness of the

received graphites (NGrs). A marked decrease in the values slab is around 300. The n-values for EGrCH and FGrCH are
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Fig. 2. Schematic of the morphological changes betweer NGr, EGr and FGr.

63 and 1.5, respectively. This indicates that the graphite layer
along the c-axis is effectively divided by the formation of
EGr following ultrasonic powdering. The n-values of all
graphite samples decrease in the order: NGr> EGr> FGr.,
Finally, the n-values of the FGrs are ~ 1-2, which means that
all the graphite layers are ideally scparated. This is clearly
seen in electron micrographs of EGrs and FGrs, which have
very thin particle graphite, as shown in Fig. 1. A schematic
of the morphological changes with respect to changes in the
n-value is shown in Fig. 2. The L,(110) values also decrease
in the order: NGr > EGr > FGr. Flaking of gruphiie perpen-
dicularly to c-axis also takes place. The surface area of NGrs
is increased during the formation of EGr.

An examination was made of the effect of the above mor-

phological changes on the performance of lithium-ion cells.
Typical charge and discharge curves of NGr, EGr and FGr at
a current of 0.4 mA cm ™2 are shown in Figs. 3 and 4, respec-
tively. NGrMD with a high ash content displays poor
rechargeable capacity (90 mAh g ~') and high polarization.
The rechargeable capacities of EGrMD, FGrMD, NGrCH,
EGrCH and FGrCH are 305, 313, 219, 349 and 370 mAh
g~ ', respectively. Obviously, a marked improvement in cell
performance was obtained with FGr by virtue of the foliation
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Fig. 3. Initial charge/discharge curves at a current density of 0.4 mA cm~ 2
for China graphites: NGrCH, EGrCH and FGrCH.

of the natural graphites. The capacity of FGrCH is very close
to the theoretical LiC, value, namely 372 mAh g~ '.

The relation between rechargeable specific capacity and
crystallite parameters was also investigated. Franklin’s p-
value [2] represents the probability of the existence of ran-
dom disorientation in a graphite layer, which is calculated
according to

dyoy=3.440 - 0.086( 1 —p°) (4)

The crystallinity of the graphite increases when the p-value
is decreased from 1 to 0. The p-values of all the graphites
investigated are found to be essentially zero, as shown in
Table 2. This indicates that all the graphites are highly crys-
talline. The rechargeable capacities of China and Madagascar
graphites obtained at current densities of 0.4 mA cm~* are
listed in Table 2. The data demonstrate that it is difficult to
evaluate the electrochemical performance of graphite based
on the Franklin's p-value.

Fujimoto et al. [3] have proposed the following relation-
ship between the reversible specific capacity (Q mAhg™')
and the crystallite parameters of graphite
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Fig. 4. Initial charge/discharge curves at a current density of 0.4 mA cm ™2

for Madagascar graphites: NGrMD, EGrMD and FGrMD.



168 K. Fukuda et al. / Journal of Power Sources 69 (1997} 165168

Table 2 i )
Observed and estimated rechargeable capacity, . and some physical properties of graphites
Graphite Franklin's Q-value * Pr-value Q-value * Observed rechargeable
p-value 13] 4] 14 capacity, O
{21 (mAhg ")
NGrCH = 370 0.69 N 219
EGrCH = 368 =0.1 335 349
FGrCH = 363 =0.1 335 370
NGrMD =0 n 0.39 227 137
EGrMD =0 367 =04 223 305
FGrMD =0 366 =03 260 313
* Refer Eq. (6),
" Refer Bq. (7).
372 lithium-ion cells [5]. In their method, the ground natural

Q= (5)

oo ) SJQ,!:LL:'_‘,“;_S_),]
[l + L ][I +2d, ., (4d, )

where d,..,. is the distance between two neighboring carbon
atoms in the same graphite plane ( nearly equal to 0.142 nm).
Since L, is much larger than d,... in natural graphites, Q may
be written as follows

k¥ p)
Q= U (6)

o [ 1+ 268 |
[“’ L'

Given higher the values of L, and L. the capacity of the
graphite is larger. The capacity calculated from Eq. (6)
would, however, be fundamentally the same (as shown in
Table 2) because the natural graphite has much larger L, and
L, values compared with dy; and d,_.. It is concluded that
this method would not refliect the difference in structure
between graphites as investigated by Franklin's p-value.

We have found a much better relationship between the
graphitic carbon and the corresponding rechargeable capac-
ity. Zheng etal. [4] have proposed that Q can be represented
as

Q=23721 = (Pr) (7

where Pr represents the probability of random stacking. The
values of Pr and calculated capacities for the present study
are listed in Table 2. The probability of random stacking is
decreased by the foliation of graphite while the battery per-
formance is increased. Both FGrs, with low Pr values, deliver
high rechargeable capacities, as expected from Eq. (7). This
method would be useful to explain the rechargeable capacity
of graphitic carbons, although the linear relationship between
the capacity and {1 - (Pr) is not well defined.

Manev et al. 5] reported the effect of the splitting of
natural graphite into layered slabs on the performance of

graphite was dispersed in water in a high-speed mixer in the
presence of surfactants and a high capacity graphite was
obtained. According to the results presented here, finely foli-
ated graphite delivers a high rechargeable capacity. The
degree of foliation can be represented by the n-value, which
is defined as thickness/L.. The value of | to 2 gives an ideal
rechargeable capacity. Since the n-value depends on the
thickness of the graphite particles, the mechanical and chem-
ical powdering processes are very important. Formation of
expanded graphite and subsequent ultrasonic powdering
yields ideal flaking along the c-axis.

4. Conclusions

By applying chemical flaking that includes ultrasonic pow-
dering of natural graphites, it is possible to obtain electrodes
with specific rechargeable capacities that are very close to the
theoretical value of 372 mAh g ' for LiC,. The method
presented here is suitable for natural graphite with a high
content of ash and its performance is improved markedly to
give a large capacity of over 320 mAh g~'. This makes
natural graphite a promising low cost anode material for
rechargeable lithium-ion cells.
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