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Abstract 

Non-graphitizable carbon fibers heat-treated between 1000 and 1200 °C gave capacity higher than the capacity of LiC6 (372 mAh g ~) 
with a significant capacity below 0.1 V during oxidation. 7Li nuclear magnetic resonance (7Li-NMR) observation on lithium insertion into 
the carbon fibers suggested that lithium in the carbons are classified into two species. One of the lithium species was the same as that m 
graphitizable carbons. However, the other lithium species was quite different from that in graphitizable carbons, because the lme shifts in the 
VLi-NMR spectra ot the carbon fibers fully lithiated to 0 V were between 80-110 ppm ( versus LiCI) : these shifts are larger than the maximum 
shift of lithium in graphitizable carbons ( ~ 45 ppm). In particular, a significant capacity below 0.1 V corresponded to the formation of a new 
lithium species. ~> 1997 Elsevier Science S.A. 
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1. Introduction 

Several papers have reported that carbon anode materials 
heat-treated below 1400 °C give higher capacity than the 
capacity of LiC,  ( 372 mAh g -  t ) [ 1-9].  Graphitizable and 
non-graphitizable carbons heat-treated below 700 °C show a 
large capacity in the potential 0.5-1 V range [ 1-5].  On the 
other hand, several non-graphitizable carbons heat-treated at 
~ 1200 °C also give capacity higher than that of LiC 6 with a 
significant capacity in the potential range below 0.1 V [ 6 -  
9].  The capacity below 0.1 V is very attractive for anodes of  
high energy density batteries. Therefore, it is very important 
to investigate the mechanism for the high capacity below 0.1 
V in non-graphitizable carbons. It is, however, difficult to 
understand the structural change of carbons heat-treated at 
such a low temperature during lithium insertion and removal 
processes only by X-ray diffraction (XRD)  analysis, because 
those carbon materials have only weakly periodic structures. 
7Li nuclear magnetic resonance (7Li-NMR) spectroscopy 
gives direct information on the lithium states in carbon anode 
materials [5,6,10]. In this paper, anode characteristics of 
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non-graphitizable carbon fibers heat-treated between 700 and 
1400 °C were examined, and it has been found that non- 
graphitizable carbon fibers heat-treated between 1000 and 
1200 °C also give capacity higher than that of LiC6 with a 
significant capacity below 0.1 V. Lithium insertion into the 
non-graphitizable carbon fibers has been observed by VLi- 
NMR spectroscopy in order to investigate the capacity below 
0.1V.  

2. Experimental 

Carbon fiber prepared from an isotropic petroleum pitch 
(FNPM, nominal diameter of  10 Ixm, Petoca),  which was 
used as a precursor of  non-graphitizable carbons, was heat- 
treated at 700, 1000, 1200, and 1400 °C. XRD patterns of  the 
virgin carbon fibers were recorded with an X-ray diffracto- 
meter with Cu K a  radiation equipped with a graphite mon- 
ochrometer. The carbon fibers were mixed with 10 wt.% 
poly(vinyl idene fluoride) binder in N-methyl-2-pyrrolidi-  
none solvent and the mixtures were spread onto a copper foil. 
Galvanostatic discharge/charge examinations were per- 
formed in a three-electrode cell with 1 M LiCIO4 in a 1:1 (by 
volume) mixture of ethylene carbonate (EC)  and diethyl- 
carbonate ( DEC ) ( battery grade, Tomiyama Pure Chemical 
Industries) at ambient temperature (27 °C). The reference 
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and counter electrodes were lithium metal (battery grade, 
Honjou Metal) .  Because the carbon electrodes were the cath- 
ode in the cell, discharge (insertion) and charge (removal)  
were the reverse processes from those usually thought of  in 
a battery. Discharge/charge curves were recorded between 0 
and 2.5 V cut-off voltages at a current density of  25 mA g - ~. 
The lithiated carbon fibers were examined by 7Li-NMR spec- 
troscopy. The carbon electrodes were washed in DEC (bat- 
tery grade) and evaporated to dryness under vacuum for 
15 min at room temperature. After drying, the electrodes were 
put in NMR sample tubes in a dry box and set into a wide- 
line probe of a 7L1-NMR spectrometer (Bn=4 .70  T; 
l'c~(7Li) = 77.8 MHz; CMX-200 H, Chemagnetics Corpora- 
tion ). Line shift was measured with aqueous LiCI solution as 
an external standard. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

Fig. 1 shows XRD patterns of the virgin carbon fibers. The 
stacking order of  graphite planes of  the carbon fibers was at 
random (the turbostratic disorder structure), because the 
XRD patterns of  the carbon fibers showed only (1001 and 
(110) diffraction peaks at about 42 ° and 78 °, respectively. 
Although intensity of diffraction peaks at about 20 ° , 42 ° and 
78 ° increased a little with increasing heat-treatment temper- 
ature (HTT) ,  the crystallinity of the carbon fibers was low 
and did not change significantly in the HTT range between 
700 and 1400 °C. 

The discharge/charge curves were, however, significantly 
affected by HTT. In Fig. 2, the discharge/charge curves of  
the carbon fibers during the first cycle are shown. The anode 
characteristics of the carbon fiber heat-treated at 700 °C were 
similar to those of  graphitizable carbons heat-treated below 
1000 °C [2 -5 ] ,  i.e., the discharge/charge curves showed 
significant hysteresis in both the capacity and the potential. 
As HTT increased, the carbon fibers showed a maximum 
value of reversible capacity between 1000 and 1200 °C: the 
reversible capacity x in Li,C6 of the carbon fiber heat-treated 
at 1000 °C was ~ 1.2 (420 mAh g J). Furthermore, the 
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Fig. 1. X-ray d~ffract]on patterns of the '¢trgm carbon fibers 
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Fig. 2. ( -  - - )  GalvanostaUc discharge and ( ) charge curves of the 
carbon fibers in 1 M LICIOJEC + DEC ( 1.1 by volume) during the first 
cycle at arate of 25 mA g ' 

oxidation curves of the carbon fibers heat-treated at 1000 and 
1200 °C displayed a plateau in the potential below 0. I V, as 
reported by Ishikawa et al. ]6] and Zheng et al. 17-9] .  This 
significant capacity below 0.1 V is very attractive for anodes 
of high energy density batteries. It has been reported that 
carbons heat-treated below 700 °C also give reversible capac- 
ity x in Li,C6 higher than unity. Reversible capacity of car- 
bons heat-treated below 700 °C apparently increases with 
increasing the H /C  atomic ratio; the carbons of  which H / C  
is over 0.1 display x higher than unity [1,3].  On the other 
hand, the H / C  ratio of the carbon fibers heat-treated above 
1000 °C was less than 0.07 and decreased with increasing 
HTT. This fact means that the excess capacity of the carbon 
fibers is not due to the hydrogen content. In addition, these 
anode characteristics of non-graphitizable carbons are quite 
different from graphitizable carbons heat-treated below 2000 
°C [3 -5 ] .  Graphitizable carbons heat-treated below 2000 °C 
give very small capacity in the potential range below 0.1 V 
during oxidation [3 -5 ] .  Although it has been reported that 
graphitizable carbons give a significant capacity below 0.25 
V, this capacity below 0.25 V is the lithium intercalation into 
the graphitic structure which consists of graphite layers hav- 
ing the stacking order described as the A B  or A B C  sequence 
[5,11,12]. The carbon fibers heat-treated at 1000 and 1200 
°C did not have the three-dimensional structure of  graphite 
planes as mentioned above. These results indicate that the 
capacity of  the carbon fibers below 0.1 V are due to a new 
lithium-insertion reaction as reported in previous reports 
[6 -9 ] .  
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F~g. 3. Variation o f~Li -NMR spectra o f t h e  carbon fibers heat-treated at 

1200 °C durmg the first dlscharge a t a r a t e  of 25 mA g ~. 

In order to examine lithium insertion into the carbon fibers, 
7Li-NMR spectra of the carbon electrodes at several points 
during the discharge/charge tests were recorded. In Fig. 3, 
changes in 7Li-NMR spectra of  the carbon fiber heat-treated 
at 1200 °C during the first reduction are shown. The line shift 
of the carbon fiber at 0.1 V was 11 ppm. This value is equal 
to that of graphitizable carbons heat-treated at ~ 1000 °C 
[5]. Thus. it is speculated that lithium insertion into non- 
graphitizable carbons above 0.1 V is similar to that into gra- 
phitizable carbons with low crystallinity. However, the line 
shift of the carbon fiber significantly increased, as the poten- 
tial decreased below 0.03 V. In particular, the line shift of  the 
carbon fiber fully reduced to 0 V was 110 ppm. Although this 
value is almost the same as the reported value for other non- 
graphitizable carbons [6],  the value has not been observed 
in graphitizable carbons [5.10]. The maximum shift of  7Li 
inserted into graphitizable carbons is ~45  ppm for the 
second-stage Li-graphite intercalation compound (Li -GIC:  
LiC~2) [5,10]. Although the first-stage Li-GIC with 
extremely high lithium content (LiCe) gives a shift of ~ 260 
ppm in the 7Li-NMR spectrum, LiC2 is obtained under an 
extremely high pressure [ 13]. Therefore, these results clearly 
indicate that a new lithium species forms in non-graphitizable 
carbons heat-treated at ~ 1200 °C. Because it has been pro- 
posed that the line shift ofTLi (6) in graphite are proportional 
to both the reciprocal of  distance of  Li-Li (dL,_L,) in a lithium 
layer and the number of neighbor lithium atoms (N) at the 
nearest distance, i.e., 8~N/dL,_L, [ 14], the density of  the 
lithium species showing shifts above 45 ppm is thought to be 
higher than those in graphitizable carbons. 

In Fig. 4, the electrochemical reactivity of the carbon fibers 
and line shift of  7Li  a r e  plotted as a function of the electrode 
potential. The differential chronopotentiograms during oxi- 
dation clearly showed that the electrochemical reactivity of  
the carbon fibers heat-treated at 1000, 1200 and 1400 °C is 
significant in the potential range 0 to 0.13, to 0.11 and to 0.07 
V, respectively. The peaks in the differential chronopotentio- 
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Fig 4 Electrochemical reactivity and change in the line shift of 7LI-NMR 
spectra of the carbon fibers m I M LICIO4/EC + DEC ( 1.1 by volume ) : (a)  
the differential chronopotenUograms of the first discharge/charge curve,~ of 
the carbon fibers heat-treated at 700, 1000, 1200, arid 1400°C at a rate of 25 

mA g J, (b)  line shift of the 7Li-NMR spectra of the carbon fibers heat- 

treated at 700, 1000, 1200, and 1400 °C as a functton of electrode potential 
during reduction (open symbol and dashed hne~ and oxidation (sohd 
symbol and ,',olid line) processes 

grams during oxidation correspond to the plateau near 0 V in 
charge curves ( the plateau region during oxidation). The line 
shift of 7Li significantly increased, as the reactivity increased 
in the potential range below 0.05 V during reduction. In 
reverse, the line shift of  7Li significantly decreased, as the 
reactivity decreased at the plateau region during o,ddation. 
These results mean that a significant capacity of the carbon 
fibers in the plateau region is due to the new species of lithium 
[6-9] .  Moreover, it seems that the new lithium species addi- 
tionally appeared in the plateau region of the discharge/ 
charge curves, because the line shift of  7Li above 0.1 V is 
comparable with that of  graphitizable carbons heat-treated at 
~ 1000 °C. In fact, Hashimoto et al. [ 15] found that the 
lithium in a non-graphitizable carbon, which showed a shift 
of 90 ppm at room temperature, consist of  two species of 
lithium by 7Li-NMR measurements at low temperatures. 

In Fig. 5, the reversible capacity of the carbon fibers is 
plotted as a function of HTT; reversible capacities, i.e. capac- 
ities during oxidation, are divided into two parts ( the plateau 
region and the region above the plateau) according to the 
threshold voltages of 0.13.0.11 and 0.07 V for the carbon 
fibers heat-treated at 1000, 1200 and 1400 °C, respectively. 
The reversible capacity above the plateau region decreased 
with increasing HTT. This feature of the capacity against 
HTT is very similar to graphitizable carbons. However, the 
reversible capacity in the plateau region significantly 
appeared in the HTT range between 1000 and 1200 °C. These 
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Fig. 5. Reversible capacity of the carbon fibers as a function of HTT: (O) 
capacity in the potential range 0 to 2.5 V; ( [] ) m the plateau near 0 V during 
oxidation, and ('~J above the plateau. 

resul ts  also indica te  tha t  h igh  capaci ty  of  the ca rbon  fibers 

hea t - t rea ted  b e t w e e n  1000 and  1200 °C is due to the fo rma t ion  

of  the new l i th ium species ,  and  that  the fo rma t ion  of  the new 

l i th ium species  occur  in addi t ion  to the l i th ium inser t ion  

s imi la r  to that  in g raph i t i zab le  carbons .  

4. Conclusions 

Non-g raph i t i zab l e  ca rbon  fibers gave  h ighe r  capaci ty  than  

the capaci ty  of  LiC6 ( 372 m A h  g -  ~ ) wi th  a s igni f icant  capac-  

ity be low 0.1 V ( the  p la teaus  r eg ion ) .  A l t h o u g h  the capac i ty  

of  the p la teau  reg ion  of  the c a r b o n  fibers inc reased  be tween  

700  and  1200 °C, the capac i ty  s igni f icant ly  dec reased  

b e t w e e n  1200 and  1400 °C. In the p la teau  region,  the 7Li- 

N M R  l ine shif t  o f  the ca rbon  fibers hea t - t rea ted  at 1000 

and  1200 °C s igni f icant ly  inc reased  dur ing  reduc t ion  and  

dec reased  dur ing  oxida t ion .  Therefore ,  it is ind ica ted  that  the 

s igni f icant  capac i ty  in the p la teau  reg ion  near  0 V co r r e sponds  

to the  fo rma t ion  of  a new  species  o f  l i th ium.  
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