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Abstract 

Cyclic voltammetric and scanning electron microscopic investigations on a highly-packed, crystalline, graphite electrode (HPC) and on a 
polypropylene composite graphite electrode (CPP) containing 20 wt.8 polypropylene binder indicate that the latter has higher mechanical 
stability and higher electrochemical intercalation/de-intercalation activity. This holds for the intercalation of lithium (Li+) and tetrabutyi 
ammonium (TBA+ ) cations fromdimethyl sulfoxide (DMSO) anddimethyl formamide (DMF),as wellas ~~rtheinteicalationofpercblorafe 
(ClO, - ) and fluoroborate (BF, - ) anions from propylene carbonate (PC) and acetonitrile (AN). There is a linear correlation between the 
threshold potential for the beginning of intercalation (I&,) and the intercalation/de-intercalation efficiency (IDE) for cationic intercalation. 
In the case of anionic intercalation, two distinct linear relationships for HPC and CPP electrodes are observed. Competitiveoxidationpmcesses 
reduce the IDE on the HPC electrode. 
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1. Introduction 

Graphite, one of the well-known host lattices in intercala- 
tion chemistry, exists in a wide variety of forms. purity and 
crystallinity [ I 1. Both cation and anion intercalation and de- 
intercalation studies have been reported on different forms of 
graphite materials. The graphite materialsemployed include: 
graphite foil [ 21, graphite sheet [ 3-51, graphite fibre [ 3,6], 
highly oriented pyrolytic graphite [7-g], carbon fibre 
[ lO,ll], and natural graphite [11.12]. The long-term 
mechanical stability of many of the polycrystalline graphite 
electrodes is still very poor. This is one of the main challenges 
in the development of secondary battery systems based on 
graphite intercalation. 

Beck and co-workers [ 13-151 have found that a polypro- 
pylene graphite composite electrode (CPP) containing 80 
wt.% high-purity natural graphite is a good candidate for 
anion intercalation in strong aqueous acidic media. In the 
present study, the intercalation/de-intercalation behaviourof 
this CPP electrode is compared with a commercially availa- 
ble, highly-packed, crystalline, graphitematerial (HPC) . The 
intercalation/de-intercalation behaviourof bothcations (Li+ 

* Comsponding author. 

0378-77531%/S15.00 Q 1996 Elsevier Science S.A. All rights reserved 
PIISO378-7753(96)02419-6 

and tetrabutyl ammonium ion, TBA i ) and anions [CR& -, 
BF., - ) in different solvents are compared. Significant dif- 
ferences are observed between the HPC and CPP electrodes. 
Attempts are also made to identify the reasons for these 
differences. 

2. Experimental 

CPP (Kropfmuhl, Normalflocke) or HPC (Graphite 
India) rods (3 mm diameter) embedded in Teflon wtpe 
employed as working electrodes together with a platinum 
counter-electrode end a saturated calomel reference 
electrode. 

The solvents and supporting electrolytes were prepared 
from Analar grade chemicals. The working electrode was 
polished thoroughly with l/O to 5/O emery paper. The elec- 
trochemical activity of the electrodes was evaluated by using 
2 mM ferricyanide solution ( AE,, < 65 mV) in 0.1 M potas- 
sium chloride. Cyclic voltammetric measurements were per- 
formed at 298 f 1 K. The voltammograms were obtained with 
a 1 A potentiostat (Wenking, Model LB 7JM, Germany), a 
voltage scan generator (Wenking Model VSG 72, Germany) 
and a x-y-r recorder ( Rikadendki Model RW-201 T) . Sur- 
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Cationic intercalation/de-intercalation parameters 

.- Cation Solvent Electrode &l*(V) Q,. (mC cm-*) Q, (mC cm-‘) QdQ,,, (IDE) 

Li+ DMSO HPC I .74 101.88 58.58 0.5750 
DMSO CPP 1.70 169.68 102.52 0.5042 
DMF HPC 1.90 66.22 25.47 0.3743 
DMF CPP 1.94 99.05 37.07 0.3843 

T3A’ DMSO HPC 1.70 60.71 40.75 0.67 ’ 2 
DMSO CPP I .62 99.41 73.32 0 73”6 
DMF HPC I .90 78.4 I 41.85 0:5337 
DMF CPP I .72 112.80 68.40 0.6064 

’ Threshold potential for the beginning of intercalation. 

rnlENnA1 ,v H SE 

Wg. 1. Cyclic voltammognuns for reductive intercalation of graphite elec- 
trodes in 0.25 M UCIO,-DMSO; (a) HPC, and (b) CPP. Scan rate= 
4OmVs-‘. 

face characterization was conducted with a JEOL (Model 
35CF) scanning electron microscope. 

3. Results 

3.1. Cutionic intercalation 

Cyclic voltammeuic responses obtained in the present 
work for cationic as well as anionic intercalation were similar 
to those reported in the literature [2,13-W. Typica: cyclic 
voltammetric responses for lithium-ion intercalation in 
DMSO solve-nt on the HPC and CPP graphite materials under 
otherwise identical experimental conditions are shown in 
Fig. 1 (a) and (b) , respectively. Intercalation during the neg- 
ative-going sweep and de-intercalation during the positive- 
going sweep occur in a similar potential region on both these 
electrodes. By contrast, significant quantitative differences 
exist between the voltammetric responses for HPC graphite 
(Fig. 1 (a)) andCPPgraphite (Fig. 1 (b)). The intercalation 
charge ( Qi,,) and de-intercalation charge (Q,) obtained by 
integrating tht area under the cyclic voltammogram also dif- 
fer for the two electrode materials (Table 1). The intercala- 

tion/de-intercalation efficiency (IDE) is significantly higher 
for CPP electrode material. 

Similar behaviour is exhibited by the two electrode mate- 
rials for the intercalation/de-intercalation of lithium in DMF 
media. The threshold potential for the beginning of interca- 
lation (E,,,) is shifted to considerably more negative poten- 
tials in this media (Table 1). The IDE is once again higher 
on the CPP electrode. TBA+ cations also give similar inter- 
calation/de-intercalation responses on these two electrodes 
(Fig. 2). Broad intercalation/de-intercalation peaks are 
obtained for TBA+ cation in DMSO as well as in DMF (Fig. 
2(a)) for the HPC graphite electrode. The cyclic voltam- 
metric responses are much sharper for polypropylene graphite 
electrodes in both DMSO and DMF (Fig. 2(b) ) media. Two 
distinct de-intercalation peaks are also noticed before the 

Fig. 2. Cyclic voltatnmograms for reductive intercalation of graphite 
electmdcs in 0.25 M TBAP-DhU? (a) HFC. and (b) CPP. SCM rate= 
40mVs-‘. 
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Table 2 
Anionic intercalation/de-intercalation parameters 

Anion Solvent ElWtrode 

I. 

d (V) 

CIO, - PC HPC 1.66 
PC CPP 1.78 
AN HPC 1.68 
AN CPP 1.86 

BF. - PC HPC 1.82 
PC CPP 1.90 
AN HFC 1.94 
AN CPP 2.00 

Qt. CM cm-*) Q4h (mCcm_*) QJ&. (IDE) 

152.b2 76.41 0.5000 
199.36 143.88 0.7217 
303.16 140.09 0.462 I 
374.29 261.59 0.6989 
121.41 54.18 0.4512 
332.23 236.85 0.7129 
117.85 SO.96 0.4324 
600.95 391.70 0.6518 

main de-intercalation peak for this cation in DMSO as well 
as in DMF solvents (Fig. 2(b) ). The IDE is once again 
considerably higher for the CPP electrode (Table I ) . 

3.2. Anionic intercalation 

Cyclic vohammetric measurements tiso confirm better 
IDE for CPP compared with HPC. Typical cyclic voltam- 
metric responses of 0.25 M LiClO, in PC media in the positive 
potential region are shown in Fig. 3. In this medium, the E,,, 
for ClO,, - anion intercalation is found to be less positive for 
the HPC electrode than for the CPP electrode (Fig. 3 and 
Table 2). The de-intercalation peak, however, is much 
sharper for the CPP electrode (Fig. 3(b)) than for the HPC 
(Fig. 3(a) ) electrode. Again, the IDE is higher for the CPP 
electrode (Table 2). Similar voltammetric responses were 
also obtained for tbsse electrodes in AN media. Typical cyclic 
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Fig. 3. Cyclic voltammograms for oxidativc intcrwltii of graphite 
elc&odc in 0.25 M tiClO,-PC: (a) HFC, and (b) CPP. Scan rate= 
4OmVs-‘. 
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Fig. 4. Cyclic volv for oxidative ilnercahzh of 
eleumde ia 0.25 M TBAFB-AN: (a) HFC, sod (b) CPP. Scsa~ rate= 
4OmVs-‘. 

voltammograms in AN for the intercalation of BF, - anions 
on HPC and CPP electrodes are presented in Fig. 4(a) and 
( b) , respectively. The changes for intercalation andde-inter- 
calation are considerably higher on the CPPclecuode in both 
PC and AN media (Table 2). The IDE is higher on the CPP 
electrode. 

3.3. Scanning electron microscopic stuiies 

Scanning electron micrographs (SEMs) were recorded for 
HPC and CPP electrodes, both before and after intercalation 
and de-intercalation of lithium ions from 0.25 M LiiO~ in 
DMSO solvent. There were no significant differences in the 
SEMs for tieshly polished HPC and CPP electrodes. Both 
the electrodes were subjected tocationic intercalationat - 2.5 
V and anionic intercalation at + 2.5 V for 7 mitt under iden- 
tical experimental conditions so that the surface transforma- 
tions could be directly compared. The intercalated samples 
were subsequently de-intercalated at - 1.4 V for cationic and 
+ 1.4 V for anionic systems, again for a period of 7 min. The 
SEMs recorded after this treatment are presented in Figs. 5 
and 6, respectively. 
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Fig. 5. Scanning electron micmgraphs of graphite electrodes obtained from 0.25 M LiClO, solution. Intercalation and de-intercalation for 7 mtn at - 2.5 and 
- 1.4 V. respectively. intercalated graphite: (a) HPC. X 100. and (b) CPP. X 100. De-intercalated graphite: (c) HPC. X 100, and (d) CPP. X 100. 

Pig. 6. Scanning electmn micmgraphs of graphite electrodes obtained from 0.25 M LiCKI, solution. Intercalation and de-intercalation for 7 min at - 2.5 and 
- 1.4 V. respectively. Intercalated graphite: (a) WC. X 1000. and (b) CPPX 1000. De-intercalated graphite: (c) HPCX 1000. and (d) CPPX 1000. 

Both HPC and CPP electrodes undergo some surface particles in addition to fairly large pits (Fig. 5(c) ). The 

roughening during the intercalation of lithium ions, as evi- graphite plates embedded in polypropylene are not roughened 
dented in Fig. 5(a) and (b), respectively. The surface of to any significant extent, either during polishing or during 
intercalated HPC exhibits a considerably higher micro- intercalation/de-intercalation. Hence, the density of smaller 
roughness (Fig. S(a)) compared with that of CPP under particles is considerably lower on CPP (Fig. 5 (d) ) . Sharp 
identical conditions (Fig. 5 (b) ) . This feature becomes even lines corresponding to graphite plates with edge orientation 
more apparent after intercalation and subsequent de-interca- towards the surface are also evident (Fig. 5 (d) ) . 
lation (see Fig. 5(c) and (d) ). The HPC electrode surface The difference between HPC and CPP electrodes becomes 
clearly develops a very rough surface with numerous small even more obvious at higher magnification. The density of 
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graphite particles after intercalation on HPC (Fig. 6(a)) and 
CPP (Fig. 6(b)) can be directly compared. The CPP surface 
contains only a few large graphite plates (Fig. 6(b)). By 
contrast, the presence of a very high concentration of gaphite 
particles with widely varying particle sizes is clearly observed 
on an intercalated HPC surface (Fig. 6(a)). The SEMs of 
CPP electrodes before and after de-intercalation are similar, 
as demonstrated by Fig. 6(b) and (d), respectively. The 
roughness does not increase significantly. On the other hand, 
the roughness of the HPC electrode even, after a single inter- 
calation/de-intercalation cycle, is greatly increased (Fig. 
6(c) ) . The smaller graphite particles probably peel off from 
the electrode surface very quickly. Nevertheless. regions of 
the de-intercalated HPC surface still contain smaller particles 
(see top right hand comer of Fig. 6(c) ). 

4. Discussion 

‘ihe SEM studies clearly establish the advantages of using 
a CPP electrode for intercalation/de-intercalation, as 
opposed to a HPC electrode. The polypropylene regions hold 
quite strongly the graphite plates of different orientations. 
Hence, they do not undergo roughening during the polishing 
operation. Moreover, since polypropylene is not soluble in 
the solvent-supporting electrolyte system, the embedded 
graphite particles are strongly held during kh intercalation 
and de-intercalation. By contrast, the graphite plates undergo 
exfoliation during both intercalation and de-intercalation. 
This probably accounts for the similarity in the electron 
microscopic responses for the intercalated as well as the de- 
intercalated CPP samples (compare Fig. S(b) and (d) with 
Fig. 6(b) and (d) ). Apart from these mechanical advantages 
of using CPP, cyclic voltammetric studies also indicate some 
electrochemically advantageous features. The cyclic voltam- 
metric results presented above consistently show that the CPP 
electrode is a better material of choice for the intercalation/ 
de-intercalation process when compared with the HPC elec- 
trode. The responses can be quantitatively compared at two 
different levels. First, the individual intercalation and de- 
intercalation charges can he compared. Second, the overall 
IDES can he compared. 

The geometric surface area of the HPC and CPP electrodes 
employed in the present study are the same. The CPP elec- 
trode is, however, a composite material that contains 20 wt.% 
polypropylene and 80 wt.% natural graphite. Hence, lower 
intercalation charges are expected on the CPP electrode. For 
the eight systems chosen for comparison in this work, the Qi, 
for the CPP electrodes is almost equal or considerably higher 
than that for the HPC electrode (Tables 1 and 2). The max- 
imum difference (over /rV%) in the Qi” value for CPP is 
noticed in the case of fluoroborate anion in acetonitrile media. 

The enhanced Q,, values observed in most of the cases for 
the CPP electrode may probably he associated with the crystal 
size of the graphite material involved. The HPC material may 
actually contain graphite crystallites with relatively smaller 
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ELECTRONS 
Fig. 7. Plots of relationship between charge recovery ratio and eiectro& 
material (HPC and CPP). Concentration of salt-O:5 M. Scan mte= 
40mVs-‘. 

sizes. During the polishing operatic?. small carbon powders 
are found to become embedded on the electrode surface. With 
smaller particle sizes, the true electrode surface area may 
actually be increased. The penetration depth of the ionic spe- 
cies would be much higher, however, if crystallites of larger 
dimension are employed. The polypropylene film may also 
help in retaining the graphite crystal size at the surfaccdunng 
the polishing operation. 

The IDE is always higher on the CPP electrode. The rela- 
tive improvements depend, however, on the nature of the 
solvent-supporting electrolyte systems. This aspect is 
quantitatively brought out in Fig. 7 - there is very little 
improvement in the IDE in the case of Li+ ions (Fig. 7(a)). 
The improvement is sligh!ly better in the case of TBA+ 
cations (Fig. 7(b) ). For anions, the improvement in IDE is 
very significant for the CPP electrode (Fig. 7(c) and (d) ) . 

To understand the influence of the nature of the polymeric 
material on the performance or‘graphite electrodes, attempts 
were made to determine some correlation between the cyclic 
voltammetric parameters in different solvents (Tables 1 and 
2) and the over all IDE. The E,,, is found to give an interesting 
correlation with the IDE. In the case of cationic intercalation, 
a linear relationship between Eth and IDE is found to exist 
(Fig. 8(b)). It is noteworthy that this relationship holds for 
both of the electrodes in either DMSO or DMF media for Li+ 
and TBA+ cations. Lower E,,, values always correspond with 
higher IDE values. Such a relationship is possible only if all 
the intercalation and de-intercalation processes compete with 
the same competitive electrochemical process. In this case, it 
appears that hydrogen evolution from the trace level of water 
present in the solvent-supporting electrolyte systems, rather 
than the decomposition of solvent-supporting electrolyte 
itself, is the competitive electrochemical process. 
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Wg. 8. Plots of relationship between charge recovery ratio and threshold 
potential for intercalation at two differnot electrodes in different solvents: 
(a) anions. and (b) cations. Scan rate -40 mV s-l. 

Another interesting observation is noticed in the case of 
anionic intercalation. Here, individual correlation between 
Elh and IDE does exist for the HPC and the CPP electrodes 
(Fig. 8(a)). The CPP eiectrodes exhibit a higher &, for 
intercalation, and also yield a higher IDE. In this case, it 
appears that for a HPC electrode, the E,,., actually corresponds 
to simultaneous oxygen evolution and anion intercalation. 
Hence, the apparently higher E,,, for the CPP electrode is 
actually due to the suppression of oxygen evolution. The 
polymeric binder in the CPP electrode imparts some hydro- 
phobicity to the graphite material and, hence, graphite oxi- 
dation, formation of graphite oxide layers and oxygen 
evolution are suppressed on this electrode material. 

5. Conclusions 

The present investigation was undertaken with the main 
objective of determining whether polypropylene composite 
graphite material imparts greater mechanical strength. Some 
loss in electrochemical activity was indeed anticipated due to 
the presence of an insulating polymer layer. Quite surpris- 
ingly. it is observed that the polypropylene layer, in addition 
to improving the mechanical stability of the graphite elec- 

trode, also leads to higher intercalation charge and higher 
IDE. The competitive process for cationic intercalation 
(probably hydrogen evolution) does not depend on the elec- 
trode material. The competitive anodic processes namely, 
graphite surface oxidation and oxygen evolution, occur at 
much lower potentials on HPC graphite material than on 
relatively hydrophobic CPP graphite material. Hence, the 
difference in IDE is much higher between the two electrodes 
for anion intercalation. 

From a practical stand point, it is certainly better to employ 
a CPP electrode for a more detailed investigation of cationic 
and anionic intercalation in different solvents. 
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