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LITHIUM SECONDARY BATTERY BASED ON INTERCALATION I N  
CARBON FIBERS AS NEGATIVE ELECTRODE 
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YUTAKA SASABE*, KENJI TAKEUCHI* 
Faculty of Engineering(*' , and Cooperative Research Center"' , 
Shinshu Universi ty .  
500 ,  Wakasato, Nagano c i t y ,  380, Japan 

MICHIO INAGAKI 
Faculty of Engineering, Hokkaido Universi ty  
Nishi-8, Kita-13-jou, Kita-ku, Sapporo c i t y ,  060,  Japan 

A b s t r a c t  L i th ium secondary  b a t t e r i e s  u s i n g  carbon a s  
nega t ive  e l e c t r o d e  wi th  i n t e r c a l a t e d  L i  have been developed.  
Various kinds of carbon f i b e r s  with d i f f e r e n t  c rys t a l log raph ic  
and macroscopic s t r u c t u r e  a r e  app l i ed  a s  a nega t ive  e l e c t r o d e  
f o r  t h e  l i th ium secondary b a t t e r i e s  with 1 mol LiClO,/propylene 
carbonate e l e c t r o l y t e .  The b a t t e r y  performances of t h e  f ibrous  
e lec t rode  a r e  evaluated a s  a funct ion of t he  s t r u c t u r e  of t h e  
carbon f i b e r s .  Not on ly  t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e s  b u t  
a l s o  t h e  morphology of t h e  f i b e r s  a f f e c t  t h e  b a t t e r y  
performances.  I t  was shown t h a t  L i  i s  s t o r e d  t o  form 
e lec t rochemica l ly  t h e  1st s t a g e  compounds i n  wel l -ordered and 
even i n  disordered carbon f i b e r  e lec t rodes .  

JNTRODUCTION 

High-performance secondary  b a t t e r i e s  which can a f f o r d  a s  a power 

supp ly  f o r  p o r t a b l e  e l e c t r o n i c  equipments  have been e x t e n s i v e l y  

demanded. Espec ia l ly ,  l i t h ium secondary b a t t e r i e s  have been a c t i v e l y  

s t u d i e d  and developed a s  one of t h e  i d e a l  b a t t e r y .  Recent ly ,  t h e  

l i thium ba t t e ry  so  c a l l e d  a s  L i - i o n  battery using i n t e r c a l a t e d  L i  t o  

graphi te ,  i n s t ead  of L i  metal e l ec t rode  a s  a negat ive e l ec t rode ,  has  

been developed.' I n  t h e  L i - i o n  battery,' t h e  d e n d r i t i c  

r e -c rys t a l l i za t ion  of L i  on the  me ta l l i c  e lec t rode  can be prevented, 

s o  t h e  b a t t e r i e s  with high performances a s  w e l l  a s  high r e l i a b i l i t y  

a r e  ach ieved .  F u r t h e r  development of  t h e s e  b a t t e r i e s  has  been 

s t r o n g l y  expected b y  t h e  s u i t a b l e  s t r u c t u r a l  des ign  of carbon 

e lec t rode .  ' I 3  The t h e o r e t i c a l  Faradic  capaci ty  of t h e  L i - G I C  e lec t rode  

is somewhat poor : 3 7 2  rnAh/g, which corresponds t o  L i C ,  compound. 

[573]/171 
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172/[574] M. END0 ET A L  

This i s  about one o rde r  smal le r  capac i ty  than  t h a t  of pure L i  metal  

(3860 mAh/g). The L i  s to rage  mechanism i n  t h e  b a t t e r y  based on t h e  

electrochemical  in t roduct ion  of L i  t o  t h e  d i f f e r e n t  c rys t a l log raph ic  

grade  of carbon e l e c t r o d e s  i s  no t  y e t  f u l l y  unders tood .  Also t h e  

c o r r e l a t i o n  between t h e  b a t t e r y  per formances  and t h e  s t r u c t u r a l  

parameters of carbon e lec t rode  has not ye t  become c l e a r .  

I n  t h e  p r e s e n t  pape r  v a r i o u s  k i n d s  of ca rbon  f i b e r s ,  PAN-,  

p i t ch -based  and vapor  grown one, a r e  a p p l i e d  t o  t h e  n e g a t i v e  

e l e c t r o d e  of a l i t h i u m  secondary b a t t e r y .  These f i b e r s  have a 

c h a r a c t e r i s t i c  micro- and macro-scopic  s t r u c t u r e .  The b a t t e r y  

performances of t h e  f i b r o u s  anode a r e  e s t ima ted  and d i scussed  i n  

r e l a t i o n  with t h e  s t r u c t u r e s  of t h e  f i b e r s ,  i n  which 

e l e c t r o c h e m i c a l l y  i n t r o d u c e d  L i  i s  s t o r e d  t o  form t h e  1st s t a g e  

compounds. 

EXPERIMENTAL 

Vapor-grown carbon f i b e r s  o b t a i n e d  by f l o a t i n g  u l t r a - f i n e  me ta l  

c a t a l y s t  (VGCFs, denoted  a s  NV) , mesophase p i t c h -  and PAN-based 

carbon f i b e r s  have been used  a s  a n e g a t i v e  e l e c t r o d e  f o r  L i  

secondary b a t t e r y  wi th  lmol LiClO,/propylene ca rbona te  ( P C )  a s  an 

e l e c t r o l y t e . '  T h e  s t r u c t u r a l  pa rame te r s  of t h e  f i b e r s  u sed  a r e  

summarized i n  Table I .  The p o t e n t i a l  of t h e  f i b e r  e l e c t r o d e s  was 

monitored aga ins t  t h e  L i  reference e lec t rode  v i a  a luggin c a p i l l a r y  

using t h e  experimental  th ree-e lec t rode  g l a s s  ce l l  .* The charge- 

discharge c h a r a c t e r i s t i c s  of t h e  b a t t e r i e s  were measured by 

ga lvanos ta t ic  cycles  a t  a constant  cur ren t  of 150mA/g 

TABLE I S t ruc tu ra l  parameters of t h e  samples. 
Samples Heat treatinept Diameter I n t e r l a y e r  C r y s t a l l i t e  

temperature ( C )  (pm) spacing(ti)  t h i c k n e s s  (A) 
Mesophase (P25) - 12 3.463 2 6 .  
pitch-based (P55) - 12 3 .442  96  
carbon f i b e r  (P75) - 10 3.411 131 
(cont inuous  (P100) - 10 3.398 230 

yarn) (P120) - 10 3.376 300 
Discontinuous 
p i tch-based (MF10) 1000' 10 3.510 24 
carbon (MF20) 2000* 10 3.433 156 
f i b e r  (MF31) 3100* 10 3.374 230 

PAN-based carbon 
........................................................................... 

f i b e r  (M46J)  - 1 0  3 .434  100 ........................................................................... 
VGCF (NV11) 1100' -0.1 3.517 33 
(by f l o a t i n g  (NV20) 2000* -0.1 3.440 83 

c a t a l y s t )  (NV23) 2300* -0.1 3.383 150 
(NV26) 2600* -0.1 3.381 270 
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INTERCALATION IN CARBON FIBERS AS NEGATIVE ELECTRODE [575]/173 

( c o r r e s p o n d i n g  t o  c u r r e n t  d e n s i t y  of about  0 . 0 2  mA/cm2 which i s  
es t imated  from t h e  s p e c i f i c  su r face  a rea  of each f i b e r  s ample ) .  The 

cha rg ing  time was 15-150 minutes ,  and t h e  cu t -o f f  p o t e n t i a l s  of 

charge-discharge examinations were 0 - 2.8 V (vs .  L i / L i + ) .  

Figure 1 shows t h e  t y p i c a l  charge-discharge c h a r a c t e r i s t i c s  a f t e r  t h e  

f i r s t  5 cycles  f o r  var ious kinds of carbon f i b e r  e l ec t rodes .  The N V l l  

a r e  a t y p i c a l  f i b e r  with low c r y s t a l l i n i t y ,  and have annual r i n g  type  

c r o s s - s e c t i o n a l  s t r u c t u r e 4  which can r e l a x  t h e  s t r e s s  by c rack ing  

a long  t h e  f i b e r  a x i s 5  a f t e r  s e v e r a l  i n i t i a l  c y c l e s  of 

e l e c t r o c h e m i c a l  L i  i n t r o d u c t i o n .  A s  s een  i n  F i g u r e  l ( a )  t h e  

i n c l i n a t i o n  of t h e  d ischarge  p o t e n t i a l  a g a i n s t  t i m e  i s  r e l a t i v e l y  

la rge ,  but  i t s  discharge t i m e  i s  r a the r  longer than o the r  samples. As 

shown i n  F igure  l ( b ) ,  t h e  d ischarge  p o t e n t i a l  of NV26 ( h e a t - t r e a t e d  

VGCFs a t  260OOC) having high degree of c r y s t a l l i n i t y  i s  f l a t .  But t h e  

cha rg ing  curve  has  a p l a t e a u  a t  about  0.5V ( i n d i c a t e d  by a r r o w ) ,  

which i s  c a u s e d  by d e c o m p o s i t i o n  o f  PC on t h e  s u r f a c e  of  t h e  

The d i scha rge  t ime  i s  s h o r t e r  t han  t h a t  of N V 1 1 .  F igu re  

l ( c )  shows t h e  charge-d ischarge  cu rve  of  PlOO f i b e r s .  The 

c r y s t a l l i n i t y  of t h e  PlOO i s  cha rac t e r i zed  be ing  s i m i l a r  t o  t h a t  of 

NV26. I n  t h e  discharge curve, two p la t eaus  a r e  observed ( ind ica t ed  by 

a r r o w s ) .  The f i r s t  p l a t e a u  might be due t o  t h e  d i s s o l u t i o n  of 

l i t h i u m  e l e c t r o d e p o s i t e d  on t h e  s u r f a c e  of t h e  f i b e r s  d u r i n g  t h e  

cha rg ing ,  w h i l e  no NV f i b e r s  e x h i b i t  t h i s  phenomenon. Th i s  

phenomenon i s  d i f f e r e n t  from t h a t  caused by s taging,  because no c l e a r  

FIGURE 1 Charge-discharge c h a r a c t e r i s t i c s  of t h e  carbon f i b e r  
negat ive e l ec t rodes  (5 th  c y c l e ) .  
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174/[576] M. END0 ET AL. 

s t a g i n g  phases  du r ing  charg ing  have been observed f o r  t h e  p r e s e n t  

e l e c t r o d e s  i n  t h e  cha rge -d i scha rge  c h a r a c t e r i s t i c s .  And t h e  

p o t e n t i a l ,  about lOmV, i s  considerably lower than  t h a t  by s t ag ing  of 

I l O m V ,  r e p o r t e d  p r e v i o u s l y  .' These d i f f e r e n t  t y p e s  of  p o t e n t i a l  

p r o f i l e s  might be caused by t h e  reac t ion  s i tes  of t h e  f i b e r  sur face ,  

depending on t h e  f i b e r  d i ame te r .  The extremely t h i n  f i b e r s  ( N V  

s e r i e s )  l e s s  than 0 . l p m  have l a rge r  surface area than PlOO f i b e r s  and 

have many reac t ion  si tes where L i  ions  can penet ra te  quickly i n t o  t h e  

f i b e r s .  On t h e  o t h e r  hand, t h e  charge-discharge c h a r a c t e r i s t i c s  of  

M46J (PAN-based h igh  modulus f i b e r s )  e l e c t r o d e  behaves l i k e  be ing  

between N V l l  and NV26 (F igure  1 (d)  ) ,  due t o  t h e  c r y s t a l l i n i t y  of  

t h e  M46J being intermediate  between N V l l  and NV26 f i b e r s .  

Figure 2 shows t h e  discharged c a p a c i t i e s  ( a f t e r  t h e  f i r s t  5 

cyc le s )  a s  a func t ion  of c r y s t a l l i t e  th ickness  (Lc) and i n t e r l a y e r  

spac ing  (doo2)  of  t h e  f i b e r s .  These c a p a c i t i e s  a r e  e s t ima ted  a f t e r  

charg ing  of t h e  b a t t e r y  by 312 mAh/g, which i s  e q u i v a l e n t  F a r a d i c  

c a p a c i t y  t o  form t h e  1st s t a g e  compound of L i C , .  A s  s een  i n  t h e  

f i g u r e s ,  f o r  more t h a n  about  2 5 0 A  i n  c r y s t a l l i t e  t h i c k n e s s  and 

sma l l e r  t han  3 .381  i n  dOo2, t h e  d ischarged  c a p a c i t y  drops  s h a r p l y .  

This drop i s  caused by decomposition of PC6I7  i n  such kind of wel l -  

o rdered  f i b e r s ,  a s  an example i n d i c a t e d  i n  F igu re  l ( b ) .  Also t h e  

d i scha rged  c a p a c i t y  i n  t h e  p r e s e n t  PC b a t t e r y  system t e n d s  t o  

i n c r e a s e  i n  r e l a t i v e l y  d i s o r d e r e d  f i b e r s .  I t  s u g g e s t s  t h a t  t h e  

introduced L i  i ons  i n t o  t h e  r a t h e r  de fec t ive  f i b e r s  can be more 

r e v e r s i b l y  d ischarged  than  i n  wel l -ordered ones.  N V l l  anode, which 

has a s p e c i f i c  capaci ty  of 282 m?ih/g, exh ib i t s  a l a rge r  discharged 

-0 100 200" 300 400 
Crystallite thickness Lc (A) 

240 

200 

3.3 3.4 3.5 3.6 3.7 3 
lnterlayer spacing d O o 2  (%I 

F I G U R E  2 Discharge capac i t i e s  ( a f t e r  t h e  f i r s t  5 cyc les )  of t h e  
var ious kinds of carbon f i b e r  e lec t rodes  aga ins t  t h e  c r y s t a l l i t e  
thickness  Lc (a)  and do,, . (b) . 
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INTERCALATION IN CARBON FIBERS AS NEGATIVE ELECTRODE [577]/175 

capaci ty  than any o ther  samples. This i s  cons is ten t  with t h e  r e s u l t s  

t h a t  t h e  extremely disordered carbons obtained from poly-para- 

phenylene  (PPP) h e a t - t r e a t e d  a s  low as  7 0 0  O C  showed d i s c h a r g e d  

c a p a c i t y  a s  h igh  a s  370mAh/g.' Any d i r e c t  ev idences  have not  been 

ob ta ined  on t h e  r e v e r s i b l e  c a p a c i t i e s  of about 280mAh/g of t h e  low 

c r y s t a l l i n e  samples aga ins t  t h e  charging capaci ty  of 372 mAh/g. But 

it could be envisaged t h a t  t h e  low d ischarg ing  c a p a c i t i e s  a t  5 t h  

c y c l e  of t h e  p r e s e n t  b a t t e r y  system a r e  caused by energy  l o s s  by 

deformation of t h e  graphi te  l aye r s  a f t e r  L i  i n t e r c a l a t i o n  a s  shown 

l a t e r  i n  Fig.4,  o r  by expansion of f i b e r  diameters.  

Figure 3 i n d i c a t e s  X-ray d i f f r a c t i o n  p a t t e r n s  of L i  doped f i b e r s  

which were formed electrochemical ly  i n  t h e  ba t t e ry  by charging of 312 

m h / g  f o r  host  f i b e r s  (P100 and P55) .  Af te r  charging, t h e  co lor  of 

t h e  f i b e r s  yarn changed t o  gold (P100)  o r  bronze brown (P55) .  F ibers  

were kept  i n  t h e  s e a l e d  sample h o l d e r  du r ing  X-ray exper iments  i n  

t h e  o r d i n a r y  atmosphere.  From t h e  p a t t e r n s ,  L i  i n t e r c a l a t e d  

l a y e r  spac ing  i s  e s t i m a t e d  a s  3.617 A and 3.636 A f o r  PlOO and 

P55, respec t ive ly .  These correspond t o  about 6% increase  of t h e  

i n t e r l a y e r  spacing i n  p r i s t i n e  f i b e r s .  Same r e s u l t s  were obta ined  by 

image ana lys i s  TEM observation'' on t h e  p r i s t i n e  f i b e r s  and a f t e r  

charging as  depicted i n  Figure 4 (NV26). The i n t e r l a y e r  spacings a r e  

s l i g h t l y  i n c r e a s e d  (about  6 % ) ,  and more d e f e c t i v e  f r i n g e s  a r e  

observed a f t e r  L i  charging.  I t  could be suggested t h a t  t h e  L i t  i o n s  

a r e  s t o r e d  between t h e  carbon l a y e r s  t o  form t h e  1st s t age  compounds 

by t h e  c h a r g i n g  p r o c e s s  i n  w e l l - o r d e r e d  and even i n  d i s o r d e r e d  

f i b e r s ,  which have an inf luence upon t h e  discharge p rope r t i e s .  

of 

L 
22 24 26 28 30 

host flber (b) L l G l C  
(color ; 

brown) SI (111) 
reference 

In air 
22 24 26 28 30 

2 8  ( " 1  2 8  ( " 1  

F I G U R E  3 X-ray d i f f r a c t i o n  p a t t e r n s  (CuK(X) of t h e  hos t  f i b e r  
PlOO (a )  and P55 (b)  and of L i - G I C  formed by charging i n  the  
ba t t e ry  and measured i n  ordinary atmosphere. 
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176/[578] M. END0 ET AL. 

FIGURE 4 Image analyzed lattice fringes of pristine (a) and 
charged fibers (b) for NV26. 

CONCLUSIONS 

Carbon fibers have been evaluated as a negative electrode of Li 

secondary battery. It is suggested that the performances of present 

Li secondary battery with lmol LiC104/PC electrolyte, such as 

discharge curve and capacity, depend strongly on the macro- as well 

as micro-scopic structure of the carbon fibers. Carbon fibers could 

be one of the most useful standard electrode material for 

understanding the battery mechanism, in which it still required to 

improve the performances by selection of electrolyte, solvent and 

well-controlled carbon in macro- and micro-scopic structures. 
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