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Natural graphite flakes (80 wt%), with polypropylene (20 wt%) as a binder, constitute a practical and 
non-expensive graphite electrode of high crystallinity 'CPP'. Galvanostatic cycling of these electrodes 
with current densities in the range 0.3-30 mA cm -2 (charging time 5-120 min) has been investigated 
in aqueous acids (12, 20 and 36 tool dm -3 HF, 6 and 12 tool dm -3 H2SO4,4 mol dm -3 HC104). 
The anion of the acid is anodically intercalated and cathodically de-intercalated. In spite of the high 
water concentrations, quantitative current efficiencies have been obtained. From variation of the rest 
times after charging, a corrosion current density of less than 0.03 mA cm -2 ( j~  = 3 mA cm-2 ) has 
been derived. The overvoltage during charge and discharge is typically about 0.1 V. The potential at 
the start of the charging process coincides with the intercalation potential defined previously. A strong 
electrode formation effect is observed upon cycling. The electrode is initially smooth and non-porous; 
it acquires a high surface roughness after a few cycles, which is then stable. The initial charging curves 
increase with t 1/~- , while the charging curve after electrode formation is linear. Both clearly indicate a 
linear relationship between surface concentration of intercalated anions and potential. This agrees 
with our previous finding of linear dependence with respect to acid concentration in the solution. 

1. Introduction 

Carbon and graphite are non-expensive electrode 
materials, which are readily available. Generally 
they behave as inert electrodes with no change in 
the bulk of the solid phase. However, since the 
work of Rtidorff and Hofmann [1, 2], it is well 
known, that crystalline graphite can be anodically 
converted to graphite salts, where anions are inter- 
calated between the carbon planes. The de-inter- 
calation proceeds via corrosion or cathodic polari- 
zation. The crystals of natural graphite used at 
that time or the pyrolytic graphite investigated 
later [3] were not very practical electrodes to use 
due to a total disintegration into lamella after a 
few cycles. Moreover, concentrated acids, which 
were regarded as necessary to overcome 'hydroly- 
sis', suffered from several drawbacks, not least 
that of reduction at the negative electrode and 
low conductivity. 

We have reported previous systematic work 
with natural graphite composite electrodes with a 
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polypropylene binder, 'CPP', originating from the 
development of a dissolved lead secondary battery 
[4, 5]. This kind of nonporous crystalline graphite 
electrode proved to be very stable upon cycling. 
We have obtained up to 3000 cycles (3 mA cm-2, 
1 h charge) with it. Moreover, we have found that 
high current efficiencies can be obtained even in 
non-concentrated acids, containing 50-80% H20 
[6, 7]. Secondary ceils with smooth electrodes of 
Cu, Pb, Fe and Zn are under investigation [8]. 
20-60% HF proved to be a very interesting elec- 
trolyte [9]. Reversible cycling of these electrodes 
is even possible in neutral salt solutions [10]. 

We wish to report further results which were 
obtained with single electrodes under galvanostatic 
conditions. The parameters are adjusted for a 
potential application in secondary batteries [8] 
and for transport limitation in the solid phase, 
which is generally to be expected. This means that 
the galvanostatic experiments were done in a 
cyclic mode, and that the standard current density 
was 3 mA cm-2. Also for practical reasons, most 
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of the experiments were carried out in H2SO 4 
and HF, which are very economical electrolytes. 

2. Experimental procedure 

The electrolytes were prepared with distilled water 
and 40 and 73% HF 'reinst', from Fluka and 97% 
H2SO4 p.a. and 72% HC104 p.a. from Merck. 
The concentrations were 4 mol din-3 HC104,6 
and 12 mol dm -3 H2SO4, and 12, 20, 36 and 50 
tool dm -3 HF (22, 5, 36, 60 and 80 wt% HF). 

The graphite electrode material which was used 
in this work was composed of 80 wt% natural 
graphite flakes (Kropfm0hl, Munich) and 20 wt% 
polypropylene as a binder. The natural graphite 
'Normalflocke' was specified to contain 94 wt% 
graphite and 6 wt% ash*, which itself is composed 

of 45% SiO2,26% A12Oa, 11% insoluble Fe2Oa, 
11% soluble Fe2Oa, 5% CaO and 2% MgO. Plates 
0.3 cm thick were manufactured from this mixture 
in a hot press (190 ~ C, 10 bar) [11]. The material 
has a resistivity of about 1 ~2 cm and is called 
'CPP'. The density is 1.7 g cm-3. Before using the 
electrode, a thin polymer film is removed from the 
surface by scraping with a glass edge or by sand- 
blasting, of. [7]. 

The electrode design is represented schematic- 
a//y in Fig. 1. Pieces of  CPP-plates, 55 mm x 
20 m m x  3 ram, were covered with a special, self- 
adhering plastic (PVC) sheet. A 'window' of 
10 mm • 10 mm was cut into it to yield the elec- 
trode area. In this region the polymer film on the 
material was removed by scraping. The electrode 
was contacted at the upper end with a brass sup- 

* Experiments with CPP, t'flied with 99.95% natural 
graphite flakes, showed dearly that the ash content did 
not influence the intercalation process. 

Fig. 1. (a) Design of measuring 
electrode ME. CE = counter 
electrode, LC = Luggin capil- 
lary, PS -- plastic sheet, BS 
brass support, W = window. 
(b) Schematic composition of 
CPP. (c) SEM micrograph of 
CPP-material, polished along 
the thickness of the plate. 
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port. Fig. 1 shows clearly that the graphite flakes 
are oriented approximately, but not exactly parallel 
to the surface, thus opening a lot of ridges after 
scraping which are useful in the intercalation 
process. 

The cell was made of polyethylene. A counter- 
electrode of CPP and a reference electrode Hg/ 
Hg2SO 4 in 1 mol dm -3 H2SO4 (E = q- 674 mV 
vs SHE) was placed in the cell. The potentials 
measured versus this electrode are called E s in 
this paper. The temperature was 20 ~ C. The elec- 
trolyte was stirred magnetically and its conversion 
was well below 0.1% during one cycle. The current 
density was controlled by an AMEL bigalvanostat, 
Model 545, in combination with two Indigel 
datatimers (10-2-10 s s )by selecting charging and 
resting times. The charging times were in the range 
of 0.5-120 re_in. With a standard current density 
of 3 mA cm-2, this leads to a conversion of CPP 
(in reference to an upper limit of C~4A- ) of up to 
16%, or 32%, if both sides are charged. The charge 
density reaches 0.6 Ahdm -2 . The discharge was 
continued, until a final potential o f E  s = 0 V was 
reached; then, the next cycle was started. The 
term 'current efficiency', % used in this work is 
defined as a round-trip current efficiency (c.e.) 

discharge capacity, Qdis 
c.e. = (1) 

charge capacity, Qda 

3. Results 

3.1. General behaviour upon cycling 

Some typical examples of charge/discharge curves 
with rest periods between are shown in Figs. 2 
and 3. The charge process starts at very positive 
potentials, with increases of up to 0.3 V, depend- 
ing on the cycle number, Z, and length of the 
charging period, In the rest period after charge, 
to, the potential decays rapidly initially, but 
attains a stable value after about 30 min. The dis- 
charge curve generally observed is S-type. In more 
dilute acids (4 mol dm-3 HC104) and after an 
extended charge process at higher potentials (for 
long charge times or high current densities), this 
type of discharge curve is appreciably distorted. 
The difference between the average charge and 
discharge voltage is relatively small. It is charac- 
teristic of this unusual type of battery electrode, 

which is primarily smooth and nonporous, that the 
first cycle and to some minor extent the second 
cycle differ dearly from later cycles, after the 
establishment of a steady-state. Thus a rapid and 
very effective formation process occurs upon 
cycling. The current efficiency increases appreci- 
ably, and the charging curves become linear in all 
cases. 

3.2. Formation of  CPP upon cycling 

The linearization of the charging curves is again 
demonstrated in Fig. 4. A sequence of experiments 
with increasing charge time is compiled in this 
figure. While the first charging curves almost coin- 
cide, the situation in the seventh cycle has changed 
completely. The curves have attained linearity, and 
the slope flattens with increasing charge time, 
which is due to a more extended formation in 
this case. 

The current efficiency increases in the course 
of the first 3-6 cycles and reaches a steady-state 
thereafter. This is shown in Fig. 5 for three elec- 
trolytes. The formation process is somewhat depen- 
dent on the length of the rest time; in some cases, 
e.g. 20 mol dm-3 HF at 0.5 h charge, the current 
efficiency decreases again at higher cycle numbers. 

3.3. Variation of  rest time-corrosion behaviour 

The rest time to was systematically varied in order 
to investigate the corrosion of the graphite inter- 
calates under practical conditions. A plot of a 
versus to generally yielded straight lines. The inter- 
cept on the a-coordinate leads to the corrected 
current efficiency, o%, (neglecting the corrosion in 
the course of discharge). From the slope of the 
curve, the corrosion current density,/eo~, can be 
calculated according to 

Aa 
Jeo= = Ato Qda. (2) 

In Fig. 6, the above plots are shown for various 
acids at half-hour charge rates. All measurements 
of this kind have been evaluated using Equation 2; 
the results are collected in Table 1. The Jeo= values 
are in some cases below 1% o f ] ~ ,  the charging 
current density, indicating a rather low rate of 
corrosion even in the presence of elevated water 
concentrations. The corrected current efficiencies, 
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Fig. 2. Charge/discharge curves of  CPP with 3 mA cm -2,  te h = 0 .5  h ,  rest time, t o = 4 0  min and deep discharge to 
E s = 0 V.  E l e c t r o l y t e s :  A = 12  t o o l  d m  -3 , B = 2 0  m o l  d m - 3  a n d  C = 36 m o l  d m - 3  HF, 1st cycle, �9 . . . .  2 r id  

cycle,  - . . . .  4th cycle,  - . . . .  7th cycle,  - . . . . . .  9th cycle. 

ao, show quantitative behaviour in some examples. 
A further discussion of Table 1 is given in Section 
4.5. 

An example of the influence of charge times on 
the charging curve has already been given in Fig. 
4. In Fig. 7, it is shown, how a decreases with 
increasing charge time. This effect is mainly due to 
penetration of the charging curve into the poten- 
tial region where excessive side reactions occur 
at the surface of the electrode. The charging 

potential limit seems to be between AEch = 0.2 
and 0.25 V, in agreement with our findings with 
the slow cyclovoltammetric method [7].  At very 
low charge densities, the curve drops again due to 
competition with the recharging of surface groups. 

The influence of the electrolyte and its concen- 
tration on the current efficiency is in good agree- 
ment with our former results, which were obtained 
using slow cyclic voltammetry [6, 7] .  In the HF- 
systems, high current efficiencies can be realized 
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in a medium concentration range of  40 -70  wt% 
HF. This is of  special interest for practical applica- 
tions due to  the very positive potentials under 
these conditions.  In nearly anhydrous HF, the 
current efficiency drops below 50%, and the dis- 
charge curve degenerates. This also agrees with our 
findings with slow cyclovol tammetry [9] .  Medium 
water concentrations seem to be an essential factor 
in the reversible cyclic behaviour of  the HF-system. 

3.4. Variation o f  the current density 

The current densities of  charge and discharge of 
the CPP-electrode have been systematically varied 
in the range 0.3 to 30 m A  cm-2 .  The correspond- 
ing curves in 20 mol dm-3 HF are shown in Fig. 8 
for the 10th cycle. The discharge curve for the 
high charge rate experiment (curve 1) shows a 

section at lower potentials.  Further discharge at 
lower current densities results in the recovery of  
only small addit ional discharge capacities. The 
variation of  current efficiency with current den- 
sity is shown in Fig. 9 for three electrolye solu- 

tions. Normally,  a decreases at higher current 
densities as a result of  enhanced side reactions 
mainly in the course of  the charging process. At 
low discharge current densities, ~ decreases as well, 
which is caused by the accompanying corrosion 
reaction. 

3.5. Mixtures o f  H2SO 4 and H F  

Mixtures of H2SO 4 and HF play some role in cells 
with metal  electrodes, which behave bet ter  in such 
systems compared with systems using single acids. 
The intercalation potential  differs greatly in the 
two acids, depending on their concentration, cf. 
Table 2. Fig. 10 shows that the average charge and 
discharge potentials increase linearly with increas- 
ing volume concentration of  20 tool dm-3 HF. On 
the other hand, e decreases from nearly 100% in 
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Fig. 6. Plot of current efficiency, a, versus rest time, to, 
for various acids, teh = 0.5 h. Average cycles, 5 to 10. 
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H2SO4, z~ ~ 12 mol dm-3 H2SO 4 (average cycles = 
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HF, �9 �9 36 mol dm-3 HF (average cycles = 9, 10). 

mixtures  rich in 12 mol  dm -3 H2SO 4 to only 

60% in 20 mol  d m - a  HF.  These exper iments  have 

been  pe r fo rmed  wi th  two  hour ly  charging rates. 

3.6. Intercalation potential 

We have def ined the potent ia l  at which  a steep 

current  rise is observed in the slow cyclovol tam- 

met r ic  m e t h o d  due to  anodic  intercalat ion as the 

intercalat ion potent ia l ,  E i ,  [7] .  Surprisingly, we 

have found  that  the effect  depends linearly, not  
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Fig. 7. Plot of current efficiency, ~, and AEeh versus 
charging time teh. Average of a taken between the 5th 
and 10th cycles, o, �9 AEeh (mV); % �9 ~; *, �9 20 mol 
dm -3 HF; o, zx 12 tool dm-a. 

logari thmical ly,  on the acid concent ra t ion  [7, 9 ] .  

In this work ,  the potent ials  at the beginning of  

galvanostatic charging are in good agreement  wi th  

the intercalat ion potent ia ls ,  as shown in Table 2. 

4. Discussion 

4.1. Competition between graphite salt/graphite 
oxide formation and decomposition 

Current  eff ic iency,  a ,  def ined in Equat ion  1 is the 

product  of  the material  current  eff ic iency,  X, dur- 

ing the charge process 

Table 1. Evaluation of corrosion current density of CPP in various electrolytes and dependence of charge 
density 

Electrolyte Qch (mA min cm-2) ]eorr (mA cm-2) a o (%) (t o = O) 

4 tool dm-a HC10 4 15 0.027 95 
4 tool dm -3 HC10 4 90 0.050 81 

6 mol dm -3 H2SO 4 90 0.075 71 
12 mol dm-3 H2SO 4 15 0.020 98 
12 tool dm-3 H2SO 4 90 0.17 99 
12 mol dm -3 H2SO 4 360 0.16 95 

12 mol dm-3 HF (~ 22 wt%) 15 0.04 (80) 
12 mol dm -3 HF (~ ,22 wt%) 90 0.20 65 
12 mol dm-3 HF (~ 22 wt%) 360 0.36 34 
20 mol din-3 HF (38 wt%) 15 0.013 100 
20 mol dm-3 HF (38 wt%) 90 0.068 94 
20 mol dm-3 HF (38 wt%) 360 0.20 82 
36 mol dm-3 HF (60 wt%) 90 ~ 0.01 85 
36 mol dm-3 HF (60 wt%) 360 ~ 0.02 76 
48 tool dm-3 HF (80 wt%) 90 -~ 0.01 95 
48 tool dm -3 HF (80 wt%) 360 - 91 
48 mol dm-3 HF (100 wt%) 90 - 45 
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n = X Qeh (3) 
zF 

and of  the electrical current  efficiency, e, during 
the discharge process [12] 

Qdis = ezFn. (4) 

where n is the n u m b e r  of  moles,  z is the charge 
and F is Faraday 's  constant .  Thus f rom these two 
equat ions:  

a = Xe - Qois (5) 
Q ~  

o 100 [-~_~ 
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o,:/% 

80 

60 

40 

20 
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Fig. 9. Plot of current efficiency, a, versus current density 
L Qeh = 90 mA min cm -~. Average values of a taken 
between the 5th and 10th cycles, o �9 e variable Jeh, Jdis = 
3 mA cm -2 . zx �9 ~ variable ]di~/eh = 3 mA cm -2 . o a 12 
mol dm -3 HF. �9 �9 20 mol dm -~ HF. Q ~ 12 mol dm -3 
H2SO ~ �9 

A secondary cell is no t  in equi l ibr ium, if  the a 
values differ at b o t h  electrodes. A deficiency in  

a ,  which is normal ly  observed, can be explained as 

a nonquan t i t a t ive  X and/or  e. If X is not quantita- 
tive, the graphite salt is no t  generated ideally. In 
our case, this is mainly  due to competing forma- 

t ion  of  graphite oxide, which is formed via the 

graphite salt [13] .  When the graphite salt has 

f inally accumulated as C24A at the surface, part  o f  
it  diffuses further in to  the bulk  of  the electrode, 

bu t  another  part reacts to give graphite oxide 
according to:  

C24 A + H 2 0  -+ C24 OH + H + + A -  (aq). (6)  

This means,  that  the charging current  is split in to  
two port ions,  that  for diffusion (diff) and that  for 
graphite oxide (g.o.): 

J = /'ai~ +]g.o. �9 (7) 

The mobi l i ty  of the graphite oxide is m u c h  lower. 
Its fo rmat ion  may  be l imited by  water t ranspor t .  
The reduct ion  of graphite oxide is retarded due to 
high t ransport  overvoltages, see example (1) in 
Fig. 8 and the work  of Besenhard and Fri tz [14] .  

Nonquantitative e values are due to diffusion 
resistance d u r i n g  discharge. At the end of dis- 
charge, the surface concent ra t ion  on the electrode 

m ay  be to ta l ly  depleted,  cf. Section 4.6. 

4.2. Interpretation of the formation effect 

Our exper iments  start  wi th  a smooth ,  nonporous  
CPP-electrode. In the course of the first cycle, the 
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graphite flakes near the surface swell during charge 
and shrink again during discharge. This volumetric 
cycle leads directly to a porous structure for the 
intercalation electrode. The surface roughness of  
the electrode obviously increases. A further forma- 
tion effect is established in the course of the sub- 
sequent cycles. However, this does not lead to a 
mechanical disintegration of the electrode due to 
an ideal and stable binder. No shedding of the 
graphite flakes is observed even after 3000 cycles 

[81. 

4.3. Transport in the solid phase and analysis o f  
the charging curve 

According to this mechanism, the type of trans- 
port of  the intercalated anion changed funda- 
mentally after a few cycles. Initially, a half infinite 
diffusion into the bulk of  the nonporous plate 
must be anticipated. The time constant, 7-, for this 
diffusion process, 

d 2 
r = - - ,  ( 8 )  

D 

is large, with D, the diffusion coefficient, equal to 
10-s cm 2 s-1 [6, 7] it is in the order of  10 7 s. d is 
the electrode thickness. Thus, the opposite bound- 
ary of  the plate electrode does not play any role in 
the course of the experiment. Upon charging, the 
surface concentration, Co, of  the intercalated 
anion increases with time according to a square 
root function (Sand equation): 

2] tl/2 (9) 
Co - zF(~D)V2 

The concentration profiles in the electrode develop 

according to Fig. 1 la. 
If we assume a linear dependency of  the inter- 

calation potential on the surface concentration, 
we obtain 

&EI = E1- -EI ,  o = K c o  (10) 

Table 2. A comparison of intercalation potentials E 1 after [7] and [9] with the 
potentials at the beginning of  the charging curves 

Acid EI,s(V) EI,s(V) 
Cyelie voltammetry Galvanostatic charging 

4 mol dm-3 HC104 0.95 0.93 
6 mol dm-3 H2SO 4 0.98 0.94 

12 mol dm-3 H2SO 4 0.63 0.60 
12 mol dm-3 HF 1.12 1.12 
20 mol rim-3 HF 1.01 1.00 
36 mol dm -3 HF 0.81 0.88 
48 tool dm-3 HF (80%) 0.78 0.76 
48 mol dm-3 HF (~ 100%) 0.73 0.68 
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Fig. 11. Schematical representation of concentration profiles. Numbers indicate relative times. (a) Semi-infinite 
diffusion. (b) Limited diffusion (thickness of plane plate = d'). 

where Ez ,  o is the intercalation potential at the very 
beginning of  the intercalation process and K is a 
constant. The potential increases smoothly rather 
than in steps, which should be expected due to the 
'stages' C96A , C72 A, C48A and C24A [3]. This can 
be rationalized in terms of  random charging of  the 
graphite flakes. According to our general experi- 
ence, ~d~ I is equal to 0.25 V for C~A,  which is 
the maximum possible surface concentration. This 
corresponds to an anion concentration of  5.7 mol 
dm-3 in the solid, if we assume a density of 1.5. 
From this,K can be calculated as 44 V cm s mol-a .  

In Fig. 12, some primary charging curves are 
evaluated in terms of  the last two equations.* The 
square root function is essentially realized. From 
the slope of  the curves, a diffusion coefficient can 
be calculated to be D = 3.2 x 10-s cm 2 sec-1 for 
HSO4 a n d D  = 1.5 x 10 -7 cm 2 sec -1 for HF~. 
The former value is in good agreement with the 
results of  three other, independent methods with 
ClOg anions [6, 7] .  The diffusion coefficient of  
HF~ is appreciably larger, cf. [9].  It must be 
stressed that the diffusion coefficient gained in 
this way is an average property of the CPP-plate 
rather than a property of an individual graphite 
flake. However, the latter can be calculated from 
this if the angle between the flakes and the geo- 
metric plane is known, together with the mean 
diffusion length in a flake. 

* Due to the slightly inclined orientation of the graphite 
flakes with reference to the electrode surface, the geo- 
metric current density differs widely from that in the 
a-direction. 

After a few cycles, formation of  the electrode 
leads to the charge of  the single flakes in the elec- 
trode. The time constant drops dramatically due 
to the smaller dimension of  the particle. From 
Fig. 1 the mean a-dimension of  the graphite flakes 
is about 0.2 ram. Thus, the mean diffusion 
length d '  from the edge of  the flake to the centre 
is about 0.1 mm. However, this length is reduced 
further due to imperfections in the crystal. Thus 
the transport mechanism changes to a finite 
diffusion problem, a 'filling-up' o f  the total crystal. 
The corresponding prof'fles are shown in Fig. 1 lb. 
The mathematical problem has been treated for 
heat transfer [15],  cycling of  an amalgam film 
[16] and cycling of  a TiS2 intercalation electrode 
[17].  Neglecting the early stages of  the process, 
the steady-state expression for the surface concen- 
tration becomes very simple: 

]eh t (11) 
Co = F d '  " 

Together with Equation 10, a linear charging curve 
must be expected in the later cycles, which is 
actually the case. The slope of  the curves seem to 
depend only on the real current density, this 
means on the roughness factor , f ,  of  the electrode 
formed. For a charging time, t ~  = 0.5 h and num- 
ber of  cycles, Z = 5, the linear curve increases in 
all electrolytes by 0.25 V (range of  reversible inter- 
calation up to C 2 4 A -  5.7 mol dm -a as Co) within 
30-35 min. With this slope and assuming a rough- 
ness factor of  10 (hrue = 0.3 mA cm2), a thick- 
ness o f d '  = 10 -3 cm can be calculated from the 
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Fig. 12. Plot of the increase of inter- 
calation potential ~ I  s versus the square 
root of the time for t~e first cycle, o �9 
12 mol dm -a H~SO4, A �9 36 mol dm -a 
HF. 

last two equations. The time constant drops to 
200 s. 

Our results on graphite bed electrodes confirm 
these findings. The charging curve is strongly 
linear from the beginning of  the cycling experi- 
ment. Every flake is charged individually. 

From Fig. 8, a constant product ofjeb and rise 
time of  linear potential increase can be derived, if 
AE I remains below 200 inV. This is further sup- 
port for our mode l  

EH,I/V 
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Fig. 13. Intercalation potentials EH, I (vs. SHE) versus 
molar concentration of anions. Descending curves: increas- 
ing acid concentration in solution. Ascending curves: 
increasing concentration of the intercalated anions. The 
potential grows by about 250 mV, if the surface concen- 
tration attains it's maximal value of 5.7 mol dm -a. 

4.4. The intercalation potential 

Our results can only be understood, if a linear 
dependency of  the intercalation potential on the 
surface concentration Co of  the intercalated anion 
is assumed according to Equation 10. This is in 
parallel with the linear dependence of  EI on the 
acid concentration [6, 7, 9] .  A common plot of 
all the results (Fig. 13) indicates, that there seems 
to be an absolute zero potential where neither an 
anion in the solution nor an anion in the solid is 
present (Es, o = 1.30 V). The meaning of  this point 
should be discussed further. It should be corre- 
lated with the graphite properties. The slope of  the 
curve does not seem to depend strongly on the 
kind of  intercalated anion. The dashed line indi- 
cates two cases, where the experiment is started 
from 12 mol dm -3 H2SO4 and from 20 mol dm -3 
HF. 

4.5. Analysis of  the rest potential time curves 
and corrosion 

After charging the CPP electrode, the rest potential 
decays more rapidly in the case of  high charge 
than in the case of  low charge. This is for two 
reasons. Generally, the concentration profiles of 
the intercalated anions tend to level out on stand- 
ing. The rate increases with increasing initial sur- 
face concentrations. In addition to this, corrosion 
processes at the surface [7] increase with increas- 
ing Co in parallel, as clearly demonstrated by our 
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corrosion results in Table 1. An example of  
exhaustive corrosion is given in [6] Fig. 9. In 
many cases, a maximum concentration will be 
built up well below the surface of  the electrode. 

4.6. Analysis o f  the discharge curve 

The S-type discharge curve indicates a stronger 
diffusion polarization, as expected compared with 
the charge curve. At the end of  discharge, the sur- 
face concentration is nearly depleted, and the 
diffusion overpotential increases dramatically. In 
an experiment in 20 mol dm-3 HF, teu = 30 min, 
fen = 3 mA cm-2,  the high rate discharge with 
/'dis = 30 m A c m  2 down to E s = 0 V yielded 
85 mA min cm -2 , this means tha ta  = 95%. A 
further discharge at 1 mA cm-2 gave an additional 
2.9 mA min cm-2 ,  giving a total a value of  98%. 
In the opposite case, the results do not look so 
good, cf. example (1) in Fig. 8. As already men- 
tioned, this is due to the formation of  graphite 
oxide in the later stages o f  the high rate charging 
process. 

5. Concluding remarks 

Our results show clearly, that the CPP electrode is 
very useful as a positive electrode in secondary 
cells. Formation of  the electrode is attained after 
a few cycles in a very simple manner. The poten- 
tial is high and the reaction is reversible. Moreover, 
high current efficiencies are observed, even after 
several hours standing. After formation the CPP 
electrode seems to be in a practical form for use 
as a natural graphite bed electrode. The part at the 
electrolyte interface can be regarded as a well- 
contacted bed electrode. The part in the bulk 
remains unchanged and acts as a low cost feeder 
electrode. 

The practical implications of  the new electrode 
in secondary cells with Cu, Pb, Fe and Zn are 
under investigation [8]. As already mentioned in 

Section 1, high cycle numbers have been observed 
in some systems. 
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