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Abstract

Needle coke, the remaining material after refining petroleum, is used as an anode of a lithium-ion secondary battery. Sulfur is separated fror
the needle coke to below 0.1 wt.% using the molten caustic leaching (MCL) method developed at the Korea Institute of Energy Research. Th
needle coke with high-purity is carbonized at various temperatures, namely 0, 500, 700 a6dBIo@ coke treated at 70Q gives a first and
second discharge capacity of more than 560 and 460 mAlrgspectively, between 0 and 2.0 V. By contrast, the first and second discharge
capacity of untreated coke is over 420 and 340 mAh gespectively, between 0.05 and 2.0 V.The first discharge capacity of 560 mAd g
beyond the theoretical maximum capacity of 372 mAhigr LiCs. Though the cycle efficiency is not consistent, the needle coke heat-treated
at 700°C persistently maintains an efficiency of over 90% until the 50th cycle, except on the first cycle. This study demonstrates that the
needle coke with high-purity could be a good candidate for an anode material in fabricating high-capacity lithium-ion secondary batteries.
© 2005 Published by Elsevier B.V.
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1. Introduction several proposed candidate materials, among which carbon
appears to be one of the most promising from the viewpoints
Lithium-ion batteries have stimulated extensive research of large specific capacity, good reversible cycling and safe
studies due to their high-energy storage, which enables theoperating characteristics. Various types of carbonaceous ma-
fabrication of smaller and lighter batteries for mobile elec- terial such as graphite, carbon fibres, thermal decomposition
tronics [1-3]. Non-aqueous rechargeable batteries, which products of polymers, pyrrole carbon and petroleum coke
use negative electrodes made from lithium containing ma- have been proposed for negative electrddes]. The elec-
terials than can be electrochemically intercalated and non-trochemical performance of the carbonaceous materials such
intercalated reversibly with lithium, are still under develop- as charge—discharge capacity and voltage profile is related
ment in order to enhance cycle-life under deep discharge andto the crystalline structure, microstructure and texture and
to reduce the high reactivity of lithium metal. Therefore, in- impurity concentration.
vestigations of new negative electrode materials are impor-  This study examines the electrochemical characteristics
tant in the development of more reliable and safer lithium of needle coke produced from petroleum residues as an an-
rechargeable batteries. Up to the present, there have beeonde material for lithium-ion rechargeable batteries. The nee-
dle coke is a special grade of petroleum coke produced in
— delayed coking operations. Since the good quality of needle
* Corresponding author. Tel.: +82 63 270 3976; fax: +82 63 270 4308. . . . . . .
E-mail addresses: joshmoses@hanmail.net (H.-G. Kang), cokein terms_ of its structure is a main faf:tor in enhanc!ng the
haeseong@kbsi.re.kr (H. Lee). electrochemical performance, the growing method is impor-
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tant. The molten caustic leaching (MCL) method developed 3. Results and discussion
in the Korea Institute of Energy Research is employed here
[9]. The MCL method is a chemical-refining process thatcan ~ Thermogravimetric analysis of the high-purity petroleum
effectively cutthe organic bonding between carbon and sulfur coke is shown irFig. 1L The weight of the powder rapidly
and rapidly transform constituents such as Si, Fe, V and Ni decreases near 108G to 81%. This explains why needle coke
into water—salt; it is performed at a comparatively low tem- easily absorbs moisture from the air during the MCL process.
perature of 400—60TC in an autoclave. The electrochemical For heating up to 500C, the weight of the powder decreases
behaviour of the needle coke with respect to the annealing slowly to 69%, but then decreases rapidly at higher temper-
temperature is investigated by means of charge—dischargeatures. This can be explained as follows. The,Cfhich is
cycling at constant current. produced in needle coke during the MCL process, is divided
from the coke and then CQas is produced and released by
reaction with Q [10]. Based on this result, petroleum cokes
2. Experimental were heated at 500, 700 or to 9UD. The XRD patterns of
raw coke and cokes heat-treated at different temperatures are
presented irrig. 2 Step-scanned intensity data were gener-
ated using Cu K radiation at a voltage of 30 kV and a current
of 20 mA. The data were gathered at room temperature over

Petroleum coke which is produced through the refining
of crude petroleum contains appreciable amounts of sulfur,
generally 6-10 wt.%. The sulfur causes swelling or bloating

(‘puffing’) of green electrodes during graphitization. The sul- a 29 range from 5 to 99and a scan rate of4nin—. Broad

fur in the petrole_um coke is predommatly an organic sulfur 4(002) peaks were observed around Z5all samples. The
compound, and is therefore not easily separated from the coke

[10]. The MCL process can, however, remove sulfur down intensity of the peaks increases withincrease in heattreatment

10 0.1Wt.% or less. The needle coke was annealed at Vari_temperature. This indicates that heat treatment improves the

ous temperatures in a high-pressure reactor so as to roducgrystallization of carboj1].
P gh-p P The charge—discharge capacities of each heated sample

for anode materials. The chemical composition of the refined : : : "
- . . were measured to find the optimum heating condition of the
needle coke is listed iffable 1 The coke was ball-milled . .
coke. The data for five cycles are presenteBim 3.

o, The sanpl eated a 700 devers e ihest crge
) 9 groups. capacity, whereas those treated at 0 and °“&8&how no

find the proper heat treatment temperature for the cokes, an

: : . ; charge capacity.
analysis was conducted using a thermogravimetric analyzer The corresponding data for discharae capacity are given in
(TA 2050) from ambient temperature to 100D at a heat- P g ge capacilyare g

; . g Fig. 4. The sample treated at 700 also delivers the highest
ing rate of 20C min~=. The measurements were performed . . ! ; )

LS discharge capacity. Onthe first cycle, the maximum discharge
In nitrogen gas. Samples from the four groups were heat- capacity of the sample is 560 mAhY which is greater than
treated at 0, 500, 700 or 90Q for 1 h at a heating rate of pactty b 9

o~ . - .. the theoretical maximum value of 372 mAhYyfor LiCs.
20°C min—-. To evaluate the electrochemical characteristics, __ . ) . .
: ) This means that carbon materials with disordered structure
each sample was mixed with 5wt.% denka black to serve as . . "
have higher capacity than graphitic counter parts.

a conducting material, and with 5wt.% Teflon emulsion to The discharae capacity and the cvele efficiency for differ-
serve as a hinder. Thin electrodes were prepared by spread- 9 pacily y y

ing the slurry on stainless foil by a rolling machine. The thin entheattreatmenttemperatures are listd@bie 2 The cycle

electrodes were cut into 1.3 crl.0 cm pieces and dried in 100 <

a furnace at 120C for 3 h. Electrochemical measurements 90 3 . .

were performed in a three-electrode system in which lithium 3 78.171°C1/ 81.07 [%]

metal was used as both the counter and the reference elec- 80 530.52[°C] / 69.29 [%]
trodes. The electrolyte used was 1M L{Péfissolved in a 70 3

50:50 vol% mixture of ethylene carbonate (EC) and diethyl = ]

carbonate (DEC). The cells were assembled in an argon-filled = 60 E

dry box. Electrochemical measurements ofthe cellswere per- & 50 3

formed at room temperature. 2 20

Table 1 30

Chemical composition (wt.%) of needle coke treated by the MCL process 20 _

Ash 029 10 ]

Carbon 707 E 936.77 [°C] / 3.209 [%]
HydrOgen 354 O+———F 717171 T T T 71—
Nitrogen 013 0 100 200 300 400 500 600 700 800 900 1000
glj(l;zgn 2(‘;;4 Temperature [°C]

BET (m?g 1) 880

Fig. 1. TGA curves for needle coke treated by the MCL method.
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Fig. 2. XRD patterns of needle coke heat-treated at different temperatures.
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Fig. 3. Charge profile during five cycles.
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Fig. 4. Discharge profile during five cycles.
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Fig. 5. Charge—discharge capacity during five cycles of needle coke heat-

treated at 700C.

electrolyte. After the first cycle, the sample heated at“T®0
gives a cyclic efficiency of over 90% until the 50th cycle,
though the cyclic efficiency is not constant. The variation in
charge and discharge capacities up to the 5 cycles and the 50
cycles is showed iRigs. 5 and grespectively. The capacities
The low initial efficiency is the reason why the lithium-ions were measured between0and 2V aswell as between 0.05 and
that intercalate between the carbon layers during the dis-2 V. When the anode material is discharged to 0V, the capac-
charge process do not de-intercalate due to the reaction ofity is higher than discharging to 0.05 V during the fifth cycle.
After the fifth cycle, however, this behaviour is reversed. A

Initial discharge capacity and cycle efficiency for needle coke heat-treated at different temperatures

Heat (C) Initial discharge capacity (mA&y—?) Cyclic efficiency (%)
1 2 5 10 20 30 40 50
0 0.135 24 47.5 55.7 63.4 67.8 71.4 1B 747
500 13179 31 70.0 87.5 91.6 93.6 94.8 U13) 950
700 560137 555 92.3 91.1 91.9 93.4 95.6 1@3 985
900 425774 424 86.3 95.2 97.7 98.1 97.7 98 1004

Electrolyte, EC-DMC + LiPE.
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i ' ' ' ' ' 4. Conclusions
1000 Charge :0.9mAto 2.0V |
((f,)) B‘;Z:ergz12}%',2"“:?\12%‘2\5/\, An investigation has been made of the electrochemical
— 800 ] ] characteristics of high-purity petroleum coke (sulfur refined
2 to 0.1wt.% by the MCL process) as anode materials for
‘_é' 600_3 ] lithium-ion batteries. Increase in heat treatment tempera-
> 1 —o— (a) Discharge ture improves the crystallization of the carbon in the coke.
R —0— () Charge The coke heat-treated at 700 gives a first discharge ca-
§ 400 + —v— (b) Discharge 4 pacity of over 560 mAhg! and a second discharge capac-
] N — (b) Charge ity of 460mAhg ! when using a cut-off voltage to OV.
200 ] i ] By comparison, the corresponding values are over 420 and
] A R 340mAhg? for a cut-off voltage of 0.05V. The capaci-
] ties are further lowered when the cut-off is reduced to 0 V.
0 0 10 20 "2 0 0 This study shows that high-purity needle coke is a promis-
Cycle Number ing candidate anode material for high-capacity lithium-ion
batteries.
Fig. 6. Charge—discharge capacity during 50 cycles of needle coke heat-
treated at 700C.
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