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summary 

BF,-, PF,- and AsF, ions have been Intercalated, from their hthlum 
salts dissolved m dry nltromethane, mto pyrographlte by electrochemical 
techniques The syntheslsed mtercalatlon compounds, of ideal formula 
C’z4nX-(CH3N02)2 where n 1s the stage, were studled and electrochemical 
intercalation of PF,- and AsF,- IS described m detail Durmg galvanostatlc 
charging of the system Ll/LlX-CH3N02/pyrographlte the existence of a 
plateau at about 4 ‘7 V with respect to hthmm, correspondmg to the trans- 
formation of a stage 2 compound to a stage 1 compound, was observed 
As the charge of stage 1 vanes from about C+,, to about C+zO, the potential 
vanes from about 4 7 V to about 5 V The galvanostatlc discharge curve 1s 
similar, with the same stage transformation potentials, but with a shorter 
discharge duration. 

Low speed cychc voltammetry has been used to study the reverslblhty 
of the reactions and the results obtamed agree with the galvanostatlc 
measurements 

These Group V fluonde compounds synthesised m mtromethane may 
be compared with smular compounds produced m other solvents They could 
be utlhsed for cathodic matenals m high energy den&y battenes because of 
their high potential (about 5 V) with respect to hthmm The high basal plane 
conductlvlty (approaching 3 &2 cm) shows the strong metallic character of 
these electronic conductors 

Introduction 

The feasibility of using graphite mtercalatlon compounds as electrode 
matenals for high energy density battenes has already been reported [l] 
Among the acceptor compounds, the fluonde anions (BF,- and Group V 
fluondes) show a very high basal plane conductlvlty (p,) especially for stages 
4 and 5 (for example, p. 1s approximately 2 2 pa cm for PF,) [2] The 
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compounds obtained have, m the past, been studied using various techniques 
X-ray diffraction and dllatometry to monitor the stage (n) and the mter- 
planar distance (I, ), weight uptake and elemental analysis to give the ideal 
formula C+*, nX-(CH3N02)2. Basal plane conductlvltles have been measured 
zn sztu at room temperature by a contactless method [3], and physical 
techniques such as nuclear magnetic resonance of 19F and 3’P have confirmed 
the nature of the intercalated species [4] The electrochemical properties of 
these compounds have not been studied, however, and the work reported 
here was undertaken to obtain more mformatlon on the reverslblhty of the 
stage transformation The data obtamed are compared with other published 
results concernmg the electrochemical mtercalatlon of fluorides m solvents 
other than mtromethane [ 5,6] 

Experimental 

Highly Oriented Pyrohtlc Graphite from Union Carbide (HOPG) was 
cut and cleaved into standard squares, 0 5 cm X 0 5 cm X 0 25 mm thick for 
X-ray characterlsatlon and the resistlvlty measurements LlPF6 and LlAsF, 
were heated to about 100 “C under vacuum to remove traces of moisture but 
the nltromethane, CH3N02, had to be mltlally dned over calcium chloride, 
CaCl*, then over phosphorus pentoxide, P,O,, and finally dlstllled under 
CaClz 

The working electrode was a piece of pyrographlte connected to a 
platinum wire, the counterelectrode a 0 5 mm dla platmum wire, and the 
reference electrode was a hthlum ribbon m contact with the solution through 
a Luggm capillary The electrolyte used was the fluoride salt dissolved m 
CH,NO* (0 5M) Galvanostatlc and cychc voltammetry experiments were 
performed under an inert atmosphere 

Results 

Figure 1 shows the charging curve of a graphite anode m 0.4M LIAsF, 
dissolved m CH,N02 at a current of 9 57 PA mg-’ The potential 1s relative 
to a hthmm reference electrode The plateau at 4 64 V corresponds to the 
transformation of stage 2 to stage 1, as seen by X-ray diffraction The charge 
of the carbon atoms varies from C?,, to C’,, and the potential from 4 64 V 
to 4 92 V for the stage 1 compound while for stage 2 the correspondmg 
values are C+5, - C’,, and 4 4 - 4 64 V 

Chargmg m 0 4M LlPF,-CH3N02 results m a charactenstlc of sunllar 
shape, as shown m Fig 2. The plateau, however, IS at 4.75 V, the charge of 
the stage 1 compound vmes from C+,, to C+ 21, equivalent to potentials of 
4.75 - 4.95 V, and with the correspondmg values for the stage 2 compound 
being about C+5s - C+,s and 4 5 - 4 75 V, respectively 
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Fig 1 Constant current charge of the system LI/LIA~F~--CH~NO~ 0 4M/graphlte (electrol- 
ysis current 9 51 pA/mg) 
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Fig 2 Constant current charge of the system Ll/LlPFe-CHsNOz 0 CM/graphite (electrol- 
ysis current 11 3 pA/mg) 

A typical drscharge curve at constant current, correspondmg to the 
charge curve shown m Frg. 1, 1s shown m Fig. 3. Although the stage trans- 
for-matrons occur at the same potential, the shorter length of the plateau 
m the drscharge curve indicates non-reversibility of the mtercalatlon process. 
The transformation of stage 2 to stage 1 (charge) reqmres 143 C g-r whereas 
stage 1 to stage 2 (discharge) delivers only 100 C g-l. 

Figure 4 shows a typical cychc voltammetry curve. Using an LrAsF, 
electrolyte dissolved m 0.4M CHsNO,, the potential of the graphite (20.9 mg) 
wrth respect to hthium was varred from 3.8 to 5 V at 5 mV mm-’ and two 
peaks (A and B) appear in both oxidation and reduction cycles. The poten- 
trals where the stage transformatrons appear (4.35 V for peak A, and 4.62 V for 
peak B) are m close agreement wrth the values observed m Frg,1. Thus nnphes 
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Fig 3 Constant current discharge of the system LI/LIA~F~-CH~NO~ 0 4M/graphlte 
(electrolysis current 9 57 pA/mg) 
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Fig 4 Cychc voltammogram on Cz4nAsF6(CH3N02)z at 5 mV/mm between 3 8 and 5 V 
vs LI Peaks A and B correspond to the transformations stage 3 + stage 2 and stage 2 ++ 
stage 1, respectively 

that peaks A and B correspond to the transformations stage 3 + stage 2 and 
stage 2 + stage 1, respectively A significant decrease m the areas of the 
peaks occurs over successive cycles (Table 1) 

A cychc voltammetry curve obtamed using LlPF,-CH3N02 (0.4M) 1s 
shown m Fig. 5 This 1s m agreement with the charging curve of Fig 2. 
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TABLE 1 

Cycle Peak B (C g-l) 

1 (oxldatlon) 143 
2 (oxldatlon) 130 
2 (reduction) 121 
5 (oxldatlon) 114 
5 (reduction) 95 

6 lb) 

gL 

Fig 5 Cychc voltammograms on C24nPF6(CH3N02)2 (a) At 5 mV/mm between 3 85 
and 5 1 V, (b) between 3 85 and 4 95 V Peak C corresponds to the reversible over oxlda- 
tlon of the system 
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Compared with Frg 4, however, an additional peak, C, appears at about 5 V 
m the reduction cycle This might have been due to a reversible over oxldatlon 
of the mtercalatron compound A correspondmg peak m the oxrdatron cycle 
cannot be resolved; it 1s probably contamed m peak B which would, therefore, 
be the sum of the stage 2 + stage 1 transformation and the reversible over 
oxldatron. Peak C drsappears when the fmal potential 1s stopped at around 
4.9 V (Fig 5(b)) Thus behavlour of C’Z4nPF6(CH3N02)2 was completely 
different from that of C+24nAsF~-(CHsN02)2, when no such reversible over 
oxldatlon was observed 

Discussion 

Intercalation of PF,- and AsF,- mto pyrographrte has been obtained by 
electrochemrcal techniques using fluorrde salts drssolved m mtromethane 
The synthesized mtercalatron compounds are slmllar m nature with the Ideal 
formula C24nX+(CHsN02)2 (where n is the stage), but each has drfferent 
mterplanar drstances (7 8 A and 8 A m C24nPF6(CH3NOZ)Z and C&AsF6 
(CHsNO&, respectively) due to the different sizes of the intercalated 
anions. The electrochemrcal behavrour observed durmg galvanostatlc charge 
and discharge 1s similar m both cases with a well defined plateau correspond- 
mg to the stage 1 +F stage 2 transformatron at comparable potentials. 

The cychc voltammograms, however, do drffer The extra transforma- 
tion peak of the graphlte/PF,- system 1s at a higher potential than the 
stage 2 ++ stage 1 transformation, and might be due to over oxrdatlon of the 
carbon wrth the formatron of covalent C-F bonds It 1s known that AsF,- 
and SbF,- are more powerful fluormatmg agents than BFa- and PFe- ions. 
Thus, rt can be assumed that over oxrdatron with the graphite-AsF,- system 
leads to strong covalent bonds and, hence, cannot be seen m the cychc 
voltammogram during the reduction process 

The formation of such C-F bonds remams to be checked by direct 
characterrzatlon methods ( 13C nuclear magnetic resonance, electron spectros- 
copy for chemical analysrs or 19F nuclear magnetic resonance) Differences 
between normal and over oxrdlsed compounds, however, have already been 
observed m terms of the basal plane resrstlvrty, Infrared reflectrvrty, and 
X-ray drffractlon [7]. Compounds synthesrsed from fluorides drssolved m 
propylene carbonate (PC) [6] have a drfferent formula. C24nX-(PC)4. These 
compounds give curves slmllar to our fmdmgs although there 1s no mforma- 
tron on the reversrbrhty of the reactrons appearing after the formatron of 
stage 1. It would be interesting to see rf the reversible over oxldatlon observed 
m the compounds studled here also appears with solvents different from 
nrtromethane. Because of therr high potential agamst hthmm and because of 
the reversrblhty of the over oxrdatlon observed, certam of these fluonde 
intercalation compounds are mterestmg materials for use m hrgh energy 
density batteries. 
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