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a b s t r a c t

Anode performance in lithium ion rechargeable batteries (LIBs) was studied on four kinds of graphite pow-
ders, including synthetic graphite. Carbon-coated synthetic graphite gave a smaller irreversible capacity
of about 20 mAh g−1 and a better cyclic performance in an electrolyte solution of EC/DMC than natural
graphite, though its discharge capacity of about 300 mAh g−1 is a little smaller than natural graphite. Even
eywords:
ithium ion rechargeable batteries
node material
atural graphite
ynthetic graphite

in a PC-containing solution as EC/PC = 3/1, carbon-coated synthetic graphite had almost the same anode
performance as in the solution without PC. Carbon coating of above 5 mass% on graphite particles was
found to be effective to improve the anode performance at a low temperature of −5 ◦C, high retention in
discharge capacity of about 90% being obtained. On both natural and synthetic graphite powders, carbon
coating by the amount of 3–10 mass% at a temperature of 700–1000 ◦C was found to be optimum for the
improvement of anode performance in LIBs, to have a lower irreversible capacity and higher retention in

C tha
arbon coating discharge capacity at −5 ◦

. Introduction

Carbon coating of graphite was reported to improve the anode
erformance in lithium ion rechargeable batteries (LIBs) [1–15]. A
imple coating process consisting of carbonization of mechanical
ixture of graphite with carbon precursor in powder employed in
ost of works [8–15] seems to have a possibility to be applied to
large amount of production in industry. For the industrialization
f this carbon coating process, however, many points have to be
larified, as pointed out in our previous paper [14]; the selection of
ubstrate graphite and carbon precursor, mixing ratio of these two
aw powders, heat treatment conditions, etc. In our previous work
14], poly(vinyl alcohol) (PVA) was shown to be one of applicable
arbon precursors, although some papers used other precursors,
oly(vinyl chloride) [8,9,12,13] and poly(urea) [11]. The amount of
oated carbon of 4–13 mass% and heat treatment at 700–1000 ◦C
n a natural graphite were shown to result in certain improvement

n anode performance in LIBs [14].

However, the occurrence of natural graphite which can be used

or the anode in LIBs is limited in the area in the world. On the other
and, synthetic graphite has been industrially produced mainly

rom petroleum coke in large amount as the electrodes for steel

∗ Corresponding author. Tel.: +81 52 773 8016; fax: +81 52 773 8016.
E-mail address: im-ii@xj.commufa.jp (M. Inagaki).
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n without carbon coating.
© 2009 Elsevier B.V. All rights reserved.

refining and electrical discharge machining, and also as modera-
tors and reflectors for atomic reactors, etc. [16]. Therefore, it is very
important to explore the possibility to use these synthetic graphite
powders as anode materials.

In the present work, three kinds of natural graphite and one
kind of synthetic graphite were coated by carbon using PVA as
carbon precursor. Anode performance of the resultant carbon-
coated graphites in LIB was evaluated in different electrolytes with
different charge/discharge rates. The possibility to use synthetic
graphite as anode material was discussed by comparing with natu-
ral graphite. In addition, carbon coating was experimentally proved
to improve the anode performance at a low temperature.

2. Experimental

2.1. Carbon coating

As the substrate graphite, three natural graphite and synthetic
graphite were selected, as listed in Table 1. The substrate NG-1 was
used in our previous paper [14,15] and SG was prepared from high-
density isotropic graphite.
Average particle size of substrate graphite was selected to
be around 20 �m. Three natural graphite have high crystallinity;
relatively high immersion density, interlayer spacing d0 0 2 of
0.3354 nm, crystallite size along a-axis determined from 1 1 0
diffraction line La(1 1 0) of more than 100 nm and R-value deter-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:im-ii@xj.commufa.jp
dx.doi.org/10.1016/j.jpowsour.2009.06.013
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Table 1
Graphite powders used as substrate.

Sample code Average particle size Dim (g cm−3) d0 0 2 (nm) La(1 1 0) (nm) R-Value
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NG-1 19
atural graphite NG-2 21

NG-3 22
ynthetic graphite SG 19

ined by Raman spectroscopy of 0.16–0.20. However, synthetic
raphite selected has a little poorer crystallinity than natural
raphite; d0 0 2 is a little larger (0.3368 nm), La(1 1 0) is smaller
89 nm), and R-value is larger (0.36).

As the carbon precursor, PVA was selected, based on the result
f our previous paper [14].

Carbonization of the powder mixtures of different graphite sub-
trate with PVA in various mixing ratios Pmixed in a range from 10
o 100 g of PVA per 100 g of substrate graphite (i.e., 10–100 phg)
as performed at a temperature of 700–1500 ◦C for 1 h in nitro-

en flow. One batch of carbonization was about 100 g and a heating
rocess with a step at 500 ◦C for 5 h before reaching a programmed
emperature was employed.

.2. Characterization

Morphology of the samples was observed in SEM with an
cceleration voltage of 15 kV. The weight increase due to the car-
onization of the mixture of the graphite substrate with PVA was
etermined as a measure of the amount of coated carbon Ccoated.
ensity of the sample powder was determined by immersion of
utanol (immersion density Dim).

Anode performance was measured on the sheet prepared from
he mixture of carbon-coated graphite sample with poly(vinylidene

uoride) (PVdF) in 9:1 mass ratio using a n-methyl-2-pyrolidone
olution of 12 mass% PVdF. The solution dispersing sample powder
as plated on a copper foil (18 �m thick), followed by drying at

5 ◦C for more than 1 h and then at 135 ◦C for 5 h under vacuum.
he sample sheet thus prepared was rolled to make the density of

Fig. 1. SEM images of carbon-coated graphite particl
2.248 0.3354 >100 0.16
2.240 0.3354 >100 0.20
2.244 0.3354 >100 0.20
2.135 0.3368 89 0.36

graphite sample in the film to be about 1.0 g cm−3. On this sheet
(40 mm × 40 mm and 100–120 �m thick), the performance as the
anode of LIB was determined at 25 ◦C by using three-electrode cell
with counter and reference electrodes of lithium metal foils. The
electrolyte used was 1 M LiClO4 solution of a mixture of differ-
ent solvents, ethylene carbonate (EC), dimethyl carbonate (DMC)
and propylene carbonate (PC) in the different ratios in volume,
i.e., EC/DMC = 1/1, EC/PC = 3/1 and EC/PC = 1/1. The battery was con-
structed in a glove box in argon atmosphere under a dew point
below −65 ◦C. Charging was performed with a constant current
density of about 1.6 mA cm−2 (condition of 0.5C) and discharg-
ing with either about 0.4, 1.6 or 9.4 mA cm−2 (0.1C, 0.5C or 3.0C,
respectively) between 4 mV and 1.5 V. Anode performance was also
checked by cycling about 10 times at room temperature on some of
carbon-coated graphite samples.

In order to know the performance at low temperature,
charge/discharge measurement was carried out at −5 ◦C on some of
carbon-coated graphite samples. The retention rating in discharge
capacity, C−5/C25, i.e., the ratio of discharge capacity at −5 ◦C, C−5,
to that at 25 ◦C, C25, in percentage, was used to evaluate the low
temperature performance.

3. Results and discussion
3.1. Carbon coated

In Fig. 1, SEM images of two samples prepared from NG-1 and
SG at 900 ◦C by using Pmixed of 50 phg are shown in two different
magnifications.

es. Sample prepared from NG-1 (a) and SG (b).
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50 phg. However, it has to be pointed out that irreversible capacity
observed on SG becomes to a half of the original graphite by carbon
coating.
ig. 2. Relation between mixing ratio of PVA Pmixed and amount of carbon Ccoated

oated at 900 ◦C on natural graphite NG-1 and synthetic graphite SG.

Morphology change in particles was not apparent on four
raphite substrates before and after carbon coating, as shown in
ig. 1 and also reported in our previous paper [14]. After carbon
oating, the samples prepared from natural graphite NG-1, NG-2
nd NG-3 were easily crushed on the mesh of the sieve with an
pening of the size of 63 �m. However, the samples prepared from
G agglomerated more markedly than those prepared from NGs and
o crushing by gentle compression in a mortar was needed to pass
hrough the sieve, particularly on the samples prepared with Pmixed
f more than 75 phg.

In Fig. 2, amount of coated carbon Ccoated was plotted against
ixing ratio Pmixed for two substrates, NG-1 and SG.

The experimental points of Ccoated obtained by using SG looks to
ocate slightly higher position than those obtained by using NG-1,
ut the difference is within the scattering range of the experi-
ental points. Therefore, the relation between Ccoated and Pmixed
as approximated to be linear, common for different graphite sub-

trates.
Immersion density Dim is plotted against Ccoated on two carbon-

oated graphite samples prepared from NG-1 and SG at 900 ◦C with
ifferent Pmixed in Fig. 3.

By carbon coating, Dim decreases with increasing Ccoated on both
ubstrates. Absolute values of Dim measured on the sample derived
rom NG-1 are always higher than those from SG, because the orig-
nal NG-1 has higher density than the original SG. However, the
ecreasing curves for two samples are very similar with each other,

n other words, a ratio in Dim between two samples is almost the
ame, irrespective to Ccoated.

These experimental results suggest that the carbon formed on
he particles of synthetic graphite SG cannot be differentiated from
hat on natural graphite NG-1, which has been demonstrated to
ave amorphous structure and low density in our previous paper
14].

.2. Anode performance

.2.1. Effect of carbon coating

In Fig. 4, discharge and irreversible capacities in 1 M LiClO4

olution of EC/DMC = 1/1 with a rate of 0.5C/0.5C are plotted as a
unction of Pmixed on the samples prepared from four graphite sub-
trates, though only the data obtained at Pmixed of 50 phg are shown
n substrates NG-2 and NG-3.
Fig. 3. Changes in immersion density Dim with amount of carbon Ccoated coated on
graphites NG-1 and SG at 900 ◦C.

The samples derived from natural graphite NG-1 show almost
constant discharge capacity, about 360 mAh g−1, in a Pmixed range
from 0 (i.e., original) to 100 phg, but irreversible capacity increases
a little for Pmixed of 10 phg and then becomes almost constant
at a little smaller capacity (by about 30 mAh g−1) for Pmixed of
20–100 phg. Natural graphite substrates NG-2 and NG-3 give almost
the same discharge capacity but a little smaller irreversible capac-
ity at Pmixed of 50 phg than NG-1. On the samples derived from
synthetic graphite SG, both discharge and irreversible capacities
decrease from the original by carbon coating. Discharge capacity
becomes a constant at around 300 mAh g−1 by carbon coating with
Pmixed above 20 phg. Irreversible capacity shows a plateau at about
20 mAh g−1 in a range of 10–40 phg and increases slightly above
Fig. 4. Changes with mixing ratio of PVA Pmixed in discharge and irreversible capaci-
ties of two carbon-coated graphite derived from NG-1 and SG in 1 M LiClO4 solution
of EC/DMC = 1/1 with a rate of 0.5C/0.5C.
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Fig. 5. Dependences of discharge capacity in different electrolyte solutions with
different discharge rate on amount of coated carbon Ccoated for two carbon-coated
88 N. Ohta et al. / Journal of Po

.2.2. Effects of electrolyte solution and discharge rate
In Fig. 5a and b, discharge and irreversible capacities measured

n an electrolyte solution of EC/DMC = 1/1 and EC/PC = 3/1, with the
ate of 0.5C/0.5C are plotted against Ccoated on two samples derived
rom NG-1 and SG. Fig. 5a is a re-plot of capacities in Fig. 4 as a
unction of Ccoated, instead of Pmixed, in order to make a comparison

ith Fig. 5b easier.
Dependences of discharge and irreversible capacities on Ccoated

re similar in two solutions of EC/PC = 3/1 and EC/DMC = 1/1 on
wo samples (Fig. 5a and b). On the whole Ccoated range exam-
ned, the samples derived from SG show smaller discharge capacity
han those derived from NG-1 do, by about 50 mAh g−1. Irreversible
apacities on two samples are similar with each other, although
hose in EC/PC = 3/1 solution are slightly larger at Ccoated above
mass% than that in EC/DMC = 1/1.

In EC/PC = 3/1 solution, the sample derived from SG shows very
igh irreversible capacity, more than 1000 mAh g−1, at a low Ccoated
round 1 mass%. Similar but less pronounced anomaly in irre-
ersible capacity at a low Ccoated looks occurring on the sample
erived from NG-1.

In Fig. 5c, discharge and irreversible capacities in EC/DMC = 1/1
olution with a rate of 0.5C/3.0C are shown as a function of Ccoated
n the sample derived from NG-1. This figure has to be compared
ith the data in Fig. 5a with 0.5C/0.5C rate on the same sample.

Discharge capacity shows only a small decrease by the increase
n discharge rate, from about 360 mAh g−1 with a slow rate (0.5C)
o about 350 mAh g−1 with a high discharge rate (3.0C), but irre-
ersible capacity increases from 30 to 50 mAh g−1.

In Table 2, capacities in different electrolyte solutions with dif-
erent charge/discharge rates are listed for the original graphite
G-1 (Ccoated = 0.0) and the carbon-coated graphite with Ccoated of
.0 and 17.5 mass%.

From Fig. 5 and Table 2, the carbon-coated graphite with Ccoated
f 5 mass% gives the same discharge capacity as the original
raphite, but smaller irreversible capacity than the original under
he different charge/discharge rates from 0.1C to 3.0C in the solu-
ion of EC/DMC = 1/1. In EC/PC = 3/1, a similar performance can be
oncluded. In the solution of EC/PC = 1/1 with larger amount of PC,
owever, extremely large irreversible capacity is observed on both
he original and carbon-coated graphite with Ccoated of 5 mass%.
owever, it is worth while to mention that carbon-coated graphite
ith Ccoated of 17.5 mass%, which is obtained with Pmixed of 150 phg,

ives relatively high anode performance even in the solution of
C/PC = 1/1, discharge capacity of about 360 mAh g−1 even though a

arge irreversible capacity for the first charge/discharge cycle (about
00 mAh g−1).

.2.3. Cyclic performance
Cyclic performance of LIB was preliminary studied by using the

amples prepared from NG-1, NG-2 and SG with Pmixed of 50 phg
Ccoated of about 5 mass%) in the electrolyte solution of EC/DMC = 1/1
ith the rate of 0.5C/0.5C at room temperature. Discharge capacity

nd Coulombic efficiency are plotted against cycle number for three
amples in Fig. 6.

Two samples derived from natural graphite show gradual
ecrease in discharge capacity with cycling, though the decreas-

ng degree is very small, about 1% after 5th cycle. On the sample
erived from SG, discharge capacity increases by about 15 mAh g−1

t 2nd cycle and then becomes constant at 300 mAh g−1 over 10
ycles. Coulombic efficiency increases from around 90% to 99% at
nd cycle and saturated on three samples.
.3. Low temperature performance of carbon-coated graphite

Anode performance of the samples derived from NG-1 was mea-
ured in the electrolyte solution of EC/DMC = 1/1 with the rate of

graphite derived from NG-1 and SG. Capacities in (a) EC/DMC=1/1 with 0.5C/0.5C,
(b) EC/PC=3/1 with 0.5C/0.5C, and (c) EC/DMC=1/1 with 0.5C/3.0C.



N. Ohta et al. / Journal of Power Sources 194 (2009) 985–990 989

Table 2
Capacities in different electrolyte solutions with different charge/discharge rates for the original and carbon-coated graphite NG-1.

Electrolyte solution

EC/DMC = 1/1 EC/PC = 3/1 EC/PC = 1/1

0.1C/0.1Ca 0.5C/0.5Ca 0.5C/3.0Ca 0.5C/0.5Ca 0.5C/0.5Ca

Carbon coated, Ccoated (mass%) 0.0 5.0 0.0 5.0 0.0 5.0 0.0 5.0 0.0 0.50 17.5
Charge capacity (mAh g−1) 406 394 397 389 403 401 435 386 1272 1718 560
D
I

0
r
o

t
g
s
C

c
i
r
d
b
d
c
3
r
5
t

w
i
d
p
i
q
a
a

F
c
N

In order to get high C−5/C25 ratio, i.e., high retention rating of about
90% in discharge capacity at −5 ◦C in comparison with that at 25 ◦C,
the coating condition has to be controlled as follows; Ccoated has to
be more than 5 mass% and heat treatment temperature has to be
700–1000 ◦C.
ischarge capacity (mAh g−1) 394 366 360 358
rreversible capacity (mAh g−1) 40 27 37 31

a Charge/discharge rate.

.5C/0.5C at −5 ◦C and compared with that at 25 ◦C. The retention
ating in discharge capacity, C−5/C25, was calculated to be a measure
f low temperature performance.

In Fig. 7a, discharge capacities measured at −5 and 25 ◦C and
heir ratio C−5/C25 are plotted against Ccoated for the carbon-coated
raphite samples prepared at 900 ◦C with different Pmixed. Fig. 7b
hows the changes in irreversible capacities at −5 and 25 ◦C with
coated.

At −5 ◦C, the original graphite shows much smaller discharge
apacity of about 250 mAh g−1 and much higher irreversible capac-
ty of about 150 mAh g−1 than at 25 ◦C (about 360 and 35 mAh g−1,
espectively), and consequently a small C−5/C25 of about 70%. These
isadvantages of graphite anode at −5 ◦C are not improved by car-
on coating of less than 5 mass%. Above 5 mass% Ccoated, however,
ischarge capacity can keep at much higher value and irreversible
apacity at much lower value than the original at −5 ◦C, about
10 mAh g−1 and about 70 mAh g−1, respectively. Therefore, the
atio C−5/C25 keeps the value close to 90% with Ccoated above
mass%, much higher than the original graphite (about 70% reten-

ion).
For the carbon-coated graphite samples prepared from NG-1

ith Pmixed of 50 phg at different temperatures, discharge capac-
ty becomes smaller at −5 ◦C than at 25 ◦C, as shown in Fig. 8. The
ependence of discharge capacity at −5 ◦C on heat treatment tem-
erature shows a maximum at around 800 ◦C, although the change
n discharge capacity at 25 ◦C is comparatively small. As a conse-
uence, the ratio C−5/C25 shows a maximum of more than 90%
t 900 ◦C. Above 1100 ◦C, discharge capacity at −5 ◦C decreases,
lthough capacity at 25 ◦C does not change with heat treatment

ig. 6. Changes with charge/discharge cycle with a rate of 0.5C/0.5C of discharge
apacity and coulombic efficiency for three carbon-coated graphite derived from
G-1, NG-2 and SG.
350 360 354 357 358 332 361
53 41 81 29 914 1386 199

temperature, and so retention rating C−5/C25 approaches to that of
the original graphite.

The present experimental results suggest that carbon coating is
also effective to improve the performance at low temperature −5 ◦C.
Fig. 7. Discharge and irreversible capacities at 25 and −5 ◦C with retention ratio
C−5/C25 as a function of amount of coated carbon Ccoated on carbon-coated NG-1
at 900 ◦C. (a) Discharge capacity and ratio C−5/C25 vs. Ccoated and (b) irreversible
capacity vs. Ccoated.
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ig. 8. Discharge capacities at 25 and −5 ◦C with retention ratio C−5/C25 as a function
f heat treatment temperature of the mixtures of NG-1 with mixing ratio of PVA of
0 phg.

. Conclusion

Synthetic graphite, a powdered high-density isotropic graphite,
as shown to be used to anode material of LIBs as natural

raphite did. By carbon coating, natural graphite gave discharge
apacity of about 360 mAh g−1 and irreversible capacity of about

−1
0 mAh g . On the other hand, carbon-coated synthetic graphite
ave smaller irreversible capacity of about 20 mAh g−1 and a good
yclic performance in an electrolyte solution of EC/DMC, though its
ischarge capacity was a little smaller than natural graphite. Even

n a PC-containing solution as EC/PC = 3/1, carbon-coated synthetic

[
[
[

[

urces 194 (2009) 985–990

graphite had almost the same anode performance as in the solution
without PC.

Carbon coating of graphite particles was found to be effective
to improve the anode performance at low temperatures. By carbon
coating above 5 mass%, high retention rating in discharge capacity,
about 90%, was obtained at −5 ◦C.

On both natural and synthetic graphite powders, carbon coat-
ing by the amount of 5–10 mass% at a temperature of 700–1000 ◦C
were found to be optimum in order to improve anode performance
in LIBs, to have a lower irreversible capacity and higher retention
rating in discharge capacity at −5 ◦C.
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