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Abstract 

Vanadium oxide fluoride-graphite intercalation compounds, i.e. Cx(VOF3)F with 17.2 <x ~ 38.8, have been prepared from V2Os and 
graphite in a fluorine atmosphere at 130 °C. The structural characteristics of these compounds have been deduced from X-ray diffraction and 
X-ray photoelectron spectroscopy measurements. Intercalation of VOF 3 and fluorine was pointed out. The electrochemical insertion of lithium 
into CtT.7(VOF3)F was investigated by chronopotentiometry and a.c. impedance spectroscopy in propylene carbonate-I M LiCIO4. The 
chemical diffusion coefficient, DL, was estimated to be close to 4.0 × 10- to cm 2 s- i for all the values of the intercalation ratio of lithium 
under study (0 <y < 1.5). 

Keywords: Lithium intercalation; Graphite intercalation compounds; Lithium batteries 

1. Introduction 

Since several years, graphite fluoride (denoted CFx) has 
been proposed as a cathodic material in primary lithium bat- 
teries with an organic electrolyte containing a lithium salt. 
Such kinds of batteries are commercially available. These 
generators are based on the intercalation of lithium cations in 
the host structure. They exhibit some advantages with respect 
to Zn/MnO2 batteries: the e.m.f. (about 3 V) and the energy 
density are two times and five times higher, respectively and 
the discharge curve is very flat. Nevertheless, their peflbrm- 
ances are limited notably because of the non-reversibility of 
the electrochemical intercalation ofLi + into the host structure 
and the very low electrical conductivity. The latter strongly 
depends on the x values. For example, the electrical conduc- 
tivity of CFo.192 and CFo sts are equal to 125 and 5 × 10 - s  S 
c m - i ,  respectively [ 1 ]. In order to avoid these problems, 
graphite intercalation compounds (GICs) have been pro- 
posed recently [2,3] as an alternative of graphite fluoride as 
the positive material in primary lithium batteries. These com- 
pounds can be obtained at low temperature ( < 150 °C) in 
the presence of a suitable catalyst (HI:, MgFa, etc.) and show, 
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in most cases, higher electrical conductivity than the initial 
graphite. For example, Nakajima and Touma [ 4 ] have shown 
that the electrical conductivity of C~F (with x~0 .3 ) ,  we- 
pared from HOPG in the presence of fluorine and I-IF, is about 
5 X 104 S cm-  ~, and only 104 S cm-  ~ for the initial graphite. 
Other kinds of GICs can be prepared using volatile transition 
metal oxide fluoride. Oxidative atmosphere is needed for the 
intercalation of volatile transition metal oxide fluoride into 
graphite [5-7].  For example, Touzain et al. [5] have syn- 
thesized GICs with VOF3 under high chlorine pressure (from 
10 to 20 arm) in the 20-90°C temperature range. Vasse et al. 
[6] have prepared a C4oVOF~-GIC in anhydrous liquid HF. 
Cx(VOF3)F vanadium oxide fluoride GICs were synthesized 
recently by Nakajima et al. [ 8] using fluorine and V205. The 
electrical conductivity of such compounds is very high and 
close to 106 S cm-  m. 

The aim of this paper is to present the preparation method, 
the structural features (deduced from X-ray photoelectron 
spectroscopy (XPS) and X-ray diffraction (XRD)) and the 
electrochemical behaviour (using chronopotentiometry and 
s.c. impedance measurements) of these Cx(VOF3)F com- 
pounds prepared from V205 and graphite in a fluorine 
atmosphere. 
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2. Experimental  

2.1. Preparation of C~(VOF3)F with x = 17.2 to 38.8 

Natural graphite powder (57-74 p,m) was used for the 
preparation of  the graphite intercalation compounds. Two 
nickel vessels containing natural graphite powder and V205 
powder were put in a vertical nickel reactor. The temperature 
of the reactor was gradually increased up to ! 30 °C under 
high vacuum and then high purity fluorine gas supplied by 
Daikin Industries, Ltd. (purity I:2: 99.4-99.7%, N2: 0.3-0.6% 
and HF < 0.01%) was introduced at 1 atm. The temperature 
and the pressure were maintained during 24 h. The fluorina- 
tion of V205 gives rise mainly to gaseous VOF3 which is 
intercalated together with fluorine into the host graphite. The 
obtained compounds were denoted C~(VOF3)F with 
x= 17.2-38.8. 

2.2. Analysis of the products 

The structural analysis of C~(VOF3)F samples was made 
from XRD patterns obtained with a Shimadzu XD-610 X-ray 
diffractometer with a Cu K~ radiation and a nickel filter. The 
chemical interaction between carbon, fluorine, vanadium and 
oxygen was estimated by XPS analysis using a ULVAC-PHI 
model 5500 spectrometer with a Mg Kc~ excitation source. 
The calibration of the spectrometer was made at binding 
energies 75.1 and 932.6 eV for Cu3p3/2 and Cu2p3/:, respec- 
tively. 

2. 3. Electrochemical measurements 

The electrochemical measurements were performed in i 
M LiCIO4-propylene carbonate (PC) at 25 °C using a glass 
beaker cell in a dry box under argon atmosphere [9,10]. A 
conducting agent (graphite) was added to the electroactive 
C~ (VOF3) F compound (weight ratio 1:1 ). The cathodic pel- 
let (diameter: 13 mm) was prepared by compression-mould- 
ing this mixture onto a nickel mesh under a pressure of 180 
kg c m - : ,  and subsequent drying during one day at 80 °C. 
The thickness of  the pellet was about 0.4 mm and the mass 
of the electroactive compound was about 5 rag. The pellet 
was then put between two glass fiber porous separators in 
order to avoid dispersion of the powder in the electrolyte. 
Lithium pellets were used both as counter and reference elec- 
trodes. The counter-electrodes were arranged in t font of both 
sides of the working electrode. 

Discharge curves were obtained with a Tohogiken Poten- 
tiostat 2000. A.c. impedance measurements were carried out 
by coupling the potentiostat with a NF Electronics Instru- 
ments S-5720B frequency response analyser. The frequency 
range was 10s-t0 -~ Hz and the amplitude of the sinusoidai 
signal was 5 mV peak-to-peak. The quasi-equilibrium open- 
circuit voltage (OCV) was measured after 24 h on open 
circuit, when the potential shift was stabilised to less than 0.2 
mV h -~. 

Table I 
X-ray diffraclion data for C,(VOF~)F compounds. Number of graphite 
sheets between two successive layers of intei-calated species ( stage ); repeat 
distance along the c-axis (1~) 

Sample Stage I~ (A) 

C~2(VOF3)F 2 11.39 
C,7.7(VOF3)F 2 11.34 
C:o.2(VOF3)F 2 I 1.34 
C2o.4( VOF3)F 2 I 1.38 
C2~., (VOF3)F 2 I 1.22 
C29.7(VOF3)F 2 + 3 or 4 11.26 
C3sa(VOF3)F 2 + high 11.21 

10 ' , i i i i i , , i i , i i i i i i i i 

- F l s  

~ 

binding energy / eV 
Fig. I. XPS survey spectrum of C2o4(VOF3)F. 

3. Results and discussion 

3.1. Structural characterisation of C~( VOF~)F samples 

XRD measurements were performed with vanadium oxide 
fluoride-graphite intercalauon compounds. The stage num- 
ber, defined as the number of graphite sheets between two 
successive layers of intercalated species, was deduced from 
the repeat distance along the c-axis (Ic value), calculated 
from the (001) diffraction lines. The composition, the stage 
number and the lc values are given in Table !. The size of 
vanadium oxide fluoride intercalate, d~, can be calculated 
from lc values. The experimental determination ofd~ leads to 
an average value, i.e. 4.6 A, which was found to be inde- 
pendent of the composition and the stage number. This value 
is in a good agreement with the value obtained from geometric 
considerations (4.7 A) [8]. 

XPS is a suitable tool for studying ~he elemental compo- 
sitiol, of a sample through the analysis of electron core level 
peaks [ ! 1,12]. It also provides information about the oxi- 
dation state of the elements, deduced from the chemical shifts 
in binding energies [12-15].  The survey spectrum of 
C2o.4(VOF3)F, shown in Fig. i, displays the photoelectron 
peaks of C, ~, F~s, O~s and V2p electrons. Identical observations 
were made with all other samples. Each peak was decom- 
posed into several contributions. Individual fitting parameters 
used for each region (binding energy (BE) and full width at 
half-maximum peak height (FWHM))  are given in Table 2. 
For each sample, the V2p region is composed of two sym- 
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Fig. 2. XPS anMysis of Cz7 j(VOF3)F; high resolution spectrum of Fl~ 
region. 

metr ical doublet  peaks situated at 5 ! 5.8 -I- 0.2, 523.0 -I- 0.1, 
517.0-t-0.3, and 524.1 + 0 . 4  eV. I t  c learly shows the co- 
existence of V-F and V=O bonds [8], respectively. The 
peak intensity ratio of V-F  to V=O contributions is approx- 
imately 3 corresponding to the F:O atomic ratio in VOF3. 
Whatever the composition of the C~(VOF3)F samples, the 
Ot~ region is composed of three peaks: the peak at lower 
binding energy (BE =: 529.5-t-0.3 eV) is assigned to V=O 
bonds. The two other peaks at higher energy (531.4 + 0.7 
and 533.0+0.8 eV) may be attributed to two kinds of C-O 
bonds [ 16-19]. The latter C--O bonds were also observed in 
the C~ region. The presence of such kinds of C-O bonds 
suggests the existence of some excess oxygen in the graphite 
gallery and in the contaminated layer at the surface of the 
sample. As it was reported previously [ 8 ], the co-intercala- 
tion of a small amount of VO2F2 might occur. The excesses 
of oxygen are probably generated from Ihe decomposition of 
co-intercalated VO2F2 because it is less stable than VOF3. 
The F~ region is composed of three peaks at BE = 682.7 + 0.4 
eV, BE = 684.6 + 0.6 eV and BE = 686.8 + 0.2 eV which are 
assigned to V-F  bond, nearly ionic C-F  bond and semi-ionic 
C-F  bond, respectively. For example, the FL, region for 
CtT.t (VOF3)F is presented in Fig. 2. 

All these analyses have shown that VOF 3 and fluorine were 
intercalated into the host material and that some excess of 
oxygens were also present. 

3.2. Electrochemical properties of CizT(VOF~)F samples 

The electrochemical insertion of lithium cations imo 
CtT.7(VOF3)F was studied. The discharge and recharge 
curves obtained with a current intensity I =  0.14 mA in PC- 
LiCIO4 1 M at 25 °C is presented in Fig. 3. The cycles were 
carried out in the potential range 1.2--4.4 V versus Li/Li +. 
Whatever the number of cycles, a gradual decrease in dis- 
charge potential and a gradual increase in recharge potential, 
respectively were observed, without any plateat~, versus the 
lithium intercalation ratio, y. Such a behaviour is character- 
istic of a multiphase electrode material. After 20 cycles, 90-  
100% of the discharge capacities were recovered during the 
recharge step. Therefore, cycles car. be performed with this 
kind of electrode material without apparent modification of 
the structure with time. On the contrary, it is well known that 

4 
+ 

5 3  
> 

~2 

1 
0 

1 . . . . . .  Io . . . .  =o 
,, .~..~.:~:::_~ -.-:.-.':.: ....................... 

0.5 1.0 1,5 
y 

o 50 1 oo 

Q I mAhg.] 
",:ig. 3. Discharge and recharge curves obtained for C~.7(VOF~)F in PC- 
LiCIO4 I M at 25 *C vs. lithium intercalation ratio, y, or recharge/discharge 
capacity, Q (mAh g- ~ ). Dizcharge current intensity: 0.14 mA. The curves 
correspond to the Ist, 10th and 20th cycles. 

1 ' i 
O 0 .5  1 0 1 .5  

y 

Fig. 4. Equilibrium open-circuit potential: (A)  experimental data, and 
( ) simulated curve and closed-circuit voltage of C~7.7(VOF3)F in 
PC-LiCIO,~ I M at 25 °C vs. lithium intercalation ratio, y. Discharge current 
intensity: 0.14 mA. 

the discharge of graphite fluoride gives rise to a high and flat 
plateau which corresponds to the formation of a conducting 
compound, Li~CFx. The latter is decomposed further into LiF 
and carbon; this fact explains the non reversibility of the 
electrochemical intercalation of lithium into CFx. 

The kinetic characteristics of lithium insertion into 
CtT.?(VOF3)F can also be obtained from impedance meas- 
urements. First, a galvanostatic pulse was applied to the elec- 
trode during a sufficient time for reaching one value of y. 
Second, the current was interrupted and the electrode tended 
gradually towards equilibrium. It corresponds to one equilib- 
rium potential, called OCV, as it is shown in Fig. 4, because 
of the slow diffusion of lithium from the surface to the bulk 
of the host material. Finally, impedance measurement was 
performed at that equilibrium potential corresponding to one 
value of y. After the impedance measurement, another gal- 
vanostatic pulse was applied to the electrode, etc. 

Typical a.c. impedance responses for several values of the 
intercalation ratio, y ffi 0.27, 0.40 and 0.76, are given in Fig. 5. 
Whatever the y values, this response can be described by the 
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y = 0.27 I 

,o'°I 500 [  " " -  lO't Hz 
/ 
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C~ l .'" 1 .z 

i o 40 go 

500 
(a) R / 

1000' 

(b) 

500 

C~ 1000 

I 

l y=0.40 I 

0 v 

. ~  10 .2 Hz 

5oo 
R I ~  

100 \ 
10 .3 Hz 

! 

80 t "-- 10''1 Hz 

40 t " 
• e,,~':"+ 1 H z  

O " ° ' 40 8"O 

I y = 0.76 [ 

._ 10 "1 Hz 

. . , , ~ . "  1 Hz 

50 100 • "10  .2 Hz 0 

0 - - -  
1 0 0 0  

(c) R I Q 
Fig. 5. Impedance diagram of CtT.~(VOF.OF in PC-LiCIO4 i M at 25 °C for 
several lithium intercalation ratios, y: (a) y=0.27" (b) y=0.40, and (c) 
y=0.76. 

Randles equivalent circuit [20] comprising R e, the ohmic 
drop in the electrolyte, R~t, the charge-transfer resistance of 
the reaction, Cdl, the double-layer capacitance, and Zw, the 
Warburg impedance. 

As it was difficult to determine the electroactive surface 
area, the kinetic parameters deduced from the impedance 
measurements will he referred to the apparent surface area, 
S, which is assumed to he equal to So × 0.5 (where So is the 

geometric surfac~ area of the pellet) in order to take into 
account the weight ratio between the electroactive compound 
and graphite ( 1: i ). 

At high frequency, the semi-circle in the Nyquist diagram 
is related to the charge-transfer phenomenon. At low fre- 
quency, a straight line showing a 45 ° angle on the real axis is 
obtained. It corresponds to the Warburg impedance [20] 
(semi-infinite diffusion). A second straight line showing a 
higher slope is observed at lower frequencies due to the finite 
thickness of the electrode which induces a finite length dif- 
fusion process. For ideal cases, the slope of this branch is 
infinite. Ho et al. [20] have shown that the chemical lithium 
diffusion coefficient,/~u, may be obtained by solving Fick's 
law with appropriate initial and boundary conditions. These 
authors have shown that the Warburg impedance has a con- 
stant-phase angle of 45 ° and is expressed as 

Zw =a,,( 1 - j )  ¢o- it2 (1) 

where ¢o is the angular frequency of the signal. The coefficient 
A,~ is given by: 

VM(dEIdy) (2) 
A~ = V ~ . v b W s  

where VM, is the molar volume of the host structure, dE/dy, 
the slope of the OCV versus y values, n the number of 
exchanged electrons during the electrochemical reaction, F 
the Faraday constant, and S the apparent surface area. 

Eq. (2) is valid only if the semi-infinite diffusion condi- 
tions are fulfilled (¢0:~ 2Du/L 2 where L is the finite length). 
Thus, the chemical diffusion coefficient,/)u, may he obtained 
from the expression of A,,. 

The slope of the linear plot I Zw I -w-  t/2 leads to the deter- 
mination of/~u. The phase difference, cp, between the current 
and the voltage is independent of frequency and is theoreti- 
cally equal to 45 ° but experimental values cp--45°+5 ° are 
found. Moreover, the high frequency semi-circle is flattened. 
These two phenomena are probably due to the microscopic 
surface roughness of the electrode as discussed by de Levie 
[ 21 ]. The/)u values for CtT.7(VOF3)F are roughly the same, 
for all the Li + concentration range: 4.0 × 10-to cm2s-t  and 
in the same order of magnitude as those obtained with another 
powdered host material such as LiyV205 (with y=O to 1) 
[22]. 

As discussed by Weppner and Huggins [ 23], the chemical 
diffusion coefficient is related to the component diffusion 
coefficient, Du, by the following equation 

- d In(au) F dE 

where [ d l n ( a u ) l / [ d l n  (cu)]  is the thermodynamic 
enhancement factor, which is calculated from the slope 
dE/dy of the OCV curve versus y for the Cx(VOF3)F com- 
pound. The activity, au, and the concentration, cu, are 
referred to neutral lithium. An exponential decrease of Du 
from 9.5× 10 - n  to 1.7x 1 0 - "  cm 2 s - I  with increasing y 
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values ( y = 0 . 1 3 - 0 . 8 8 )  is observed due to the decreasing 
probability to find an unoccupied site close to an occupied 
one. 

The exploitation o f  the high-frequency semi-circle of  the 
Nyquist  diagrams leads to the determination o f  the charge- 
transfer resistance, at equil ibrium potential, for a given inter- 
calation ratio. "lhe exchange current density, Jo, is related to 

Rct by 

R T  
Jo = (4)  

nFSRct 

It is found that, for this sample,  30 is constant within the y 
range: 1 .2× 10 -3  A cm -2  as in the case o f  V2Oa [22] or 
WO3 [ 24 ]. Such a behaviour may suggest  that the interfacial 
charge-transfer  process is associated with Li ÷ ion transfer 
between the electrolyte and the host material. Nevertheless,  
this value is about  50 t imes higher  than that obtained with 
V2Os by Farcy et al. [22] .  It means  that the interfacial charge 
transfer reaction is faster with Cx(VOF3)F.  

4. Conc lus ions  

The structural and the electrochemical  properties o f  
Cx(VOF3)F  (wi th  1 7 . 2 < x < 3 8 . 8 )  graphite intercalation 
compounds  were studied. XRD measurements  have shown 
that the stage number  of  the prepared compounds  was almost 
the same and equal to 2. Co-intercalation of  fluorine and 
VOF3 occur simultaneously during the preparation step. Ionic 
and semi-ionic C - F  bonds  were pointed out by XPS analysis. 

Contrary to graphite fluorides for which the discharge reac- 
tion is irreversible, d ischarge/ recharge  cycles can be per- 
formed with these compounds  without apparent modification 
o f  the host  structure. The chemical  coefficient diffusion and 
the exchange current density,  obtained from impedance 
measurements ,  were close to 4 × 10-  ~ o cm 2 s - ~ and ! × I 0 - 3 
A c m -  2, respectively.  
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