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Introduction

Elec t rochemica l  in te lca la t ion  o f  su l -
furic acid into graphite has been described
repeated ly  r - { .  Po ten t ia l  vs .  t ime curves
in gal,vanostat lc oxidation show two-phase
ranges wlth constant potential,  correspon-
ding to t$ro stages ln equi l ibr ium, and
steps of increasing potential cgr¡espon-
d lng  to  a  s ing le  phase (s tage)  J r { .  The
slope of the ascending port ions of the
curves indlcates that the charge of the
layers is variable to some extent in a gi-
ven  s tage r .  A  pecu l ia r i t y  i s  the  appearan-
ce  o f^a .min is tep  in  the  reg ion  o f  pure  s ta -
ge  2  ¿ ,c  wh ich  a . Iso  appears  as  a  separa te
peak in  l inear -sweep vo l tanmet ry  4 .  A  de-
c rease o f  the  in te r layer  spac ing  I .  dur ing
charg ing  in  the  s ing le -phase reg ioñs  has
been explained by the increased Coulombic
a t t rac t ion  J r4 .  We have now done s imi la r  in -
te rca la t ion  exper iments  w i th  CF!SOrH,
C4F9SO3H r  and C5,F1 3SO3H.

Experl¡nental

FLakes of Madagascar graphite Ir i th a
d iameter  o f>1 .6  m¡n  and a  th ickness  o f
15O - 2OO pm were mostly used. A few exper-
r iments  were  done w i th  HOpG.  CF¡SOrH rdas
obta ined f rom F luka¡  C¿FqSOlH and C6F. ¡  1 -
So. H were prepared fro¡ñ Étreir potaséiúñ
sa l ts  and 1OO t  H2SO4.

Galvanostat ic oxidation gave r¡e1l-
resolved curves only with current densit ies
< 5OO pA per cm2 of prism faces. Cyclovolt-
ammetry was perforned with samples of 2 - 4
Tg and asereep ra te  o f  ca .  10  pCls .  Graph i te
foi l  was used as a reference electrode. the
reactions ¡¡ere interrupted at various poi lr ts
in the curves, and X-ray powder photographs
were taken. the measurements were supple:
mented by  d i la tomet ry  5 .

fo r  ga lvanos ta t i c  ox ida t ion  and fo r  cyc l i c
vo l tammet ry  (ox ida t ion  cyc le  on ly  shown) .
The charge on the graphene layers (Crr*) is
marked for various points (A - I() on"the
curves .  The in te r layer  spac ings  are  l i s ted
in  Tab le  1 .  I t ,  was  d i f f i cu l_ t  to  in te rDre t
the  X- ray  pa t te rn  in  the  A,B reg ion .  Á  pure
stage 3 compound had formed at point C. In
their further course, these curves show
more detai ls than the corresponding curves
for a2SO4. In the stage 2 region, irom D to
G, two sub-steps (E and F) are observed,
and there  is  a lso  a  s tep  ( I )  in  the  s tage 1
reg ion ,  wh ich  does  no t  appear  in  H2SO¿ in -
te rca la t ion .  l te l l - reso lved peaks  iñ  tñe
voltammograms show that current is taken up
at  these po in ts ,  tha t  i s  tha t  the  charqe on
the  layers  inc reases .

The sharp knee at point G when the
first stage begins to form appeared at a
current uptake corresponding to C¿6+ to
C 5 6 + .  r h e  v a l u e  c i t e d  i n  F i g . 1 ,  C i i + ,  a s
well .  as the other values are the áúerages
of  5  -  7  runs .  A t  H,  the  b lue  co lo r  o f  s ta -
ge 1 appeared.

The inserts in the voltammoglam in
F ig . l  show tha t  the  ra t lo  o f  the  areas  o f
peaks E and F hras not constant with r ising
temperature. The sum of the areas hras con-
s tan t ,  however .

The Ic spaci.ng was 8.O4 I fo¡ thefirst
s tage CF¡SO¡H compound and 25 .25  X fo r  the
compóund with C5F13SO3H. Other\.r ise the re-
su l ts  w i th  the  La t te r  ac id  were  comparab le
wi th  the  observa t i .ons  ! , r i th  C4F9SO3H.

Discuss ion

Resu l ts

The results show clearly that the an-
ion density in a given stage is variable to
a considerable extent. Withi.n stages 2 and
1,  separa te  phases  can be  recogn l ied  wh ich '
d i f fe r  in  r "  spac ing  !y  ca .  3 .2  H.  The I .
spacings were observed to expand as welL-as
to contract during passing of the single-
phase regions. rná changei were confirmed
by di latometry. The cont.ract lons can be ex-
p la ined by  the  inc reas ing  e lec t ros ta t i c  a t -

The observatj .ons uri th CFsSOrH wer_every
s imi la r  to  those descr ibed fo r  n2SOa A.  tn -e
in te rca la t lo .h  o f  C4F.9So3H * . "  
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more  de ta11. '  ¡ ' i g .1 'p íesénts  typ ica l  curves



Table 1 . Observed I" spacings at the \¡aric^rs
po in ts  narked i .n  F ig .1 .

Po in t I . i n R sfage

c  2 ' 1 . 6 4  !  O . 1 7

C  -  D  2 7 . 7  +  2 1

D  2 0 . 8 6  +  O . 1 O

E  2 1 . 1 4  j  O . O 8

E - F ,
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G

G - H ,
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H

r
K
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2 1 . O 5  r  O . l 3

2 0 . 4 8  I  O . l Z
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2 4 . 1 7 :  O . Z 3
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1 7 . 5 5  !  o . 1 2

1 7  . 7 3  :  O . O 7

2 0 . 9 9  I  O . O t

2 0 . 8 6  1  o . l l

2

2

2

2

chem.ox idn
; : - i l ;ü ; ; ; '  21 'o1 r  o 'o8

2 + 1

I
I

1
t

1

Fig .1 .  (a )  Poten t ia l  curve  in  ga lvanos ta-
tic oxldation of Irladagascar graphi.te
ln C4F9SO3H, (b) corresponding l ine-
ar svreep voltammogram at rooD telpe-
rature, insets at the temperatures
ind ica ted .

tract ion; expansions must be caused \ l
changes in the molecular packing of tbe in-
tercalate which seens to be influeoced by
the charge density. Effects of order - dis-
order phenomena on the I" value have also
been observed with graphite hydrogen sul-
f a t e  6 .

ft is knosn frou studies of clay u.i-
nerals wlth intercalated n-alkylarcol.un
ions (plus free base) that the alkyl. chains
are in all-trans conformation, and that
they are aüanged at an angle to the layer
planes which dgpends on the charge density
on the layers ,.  Sl¡¡ i lar results rere found
with t iS, with intercalated n-alkyl .- t¡gs8.
Our results indicate that the CnF2n*l óains

are packed analogously. pTFE hes a hel ical
structure, however. With the short C4F9
chains the bulky CF, end groups seem-tó
prevent such a packing. The observed widths
indicate that the intercalated layers nust
cons is t  o f  doub le  layers  o f  C, rF2r . , *1SO3-
an ions  and f ree  ac id  mo lecufe l  i i i i é .2 i . . .  r t
is est imated that they forn an angle (S to
F  o f  C F ' )  g f  c a .  6 3 0  w i t h  t h e  l a y é r  p l a n e s
in  thq  21  X phase,  and o f  ca .  46 i  in  the
1 7 . 6  X  p h a s e .
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