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NEW DATA ON GRAPHITE INTERCALATION COMPOUNDS 
CONTAINING ~ ~ 1 0 4 :  SYNTHESIS AND EXFOLIATION. 

D.PETITJEAN, G.FURDIN, A.HEROLD AND N.DUPONT PAVLOVSKY* 
Laboratoire de Chimie du Solide MinCral, U.R.A. 158, BP 239, 
54506 Vandoeuvre les Nancy, FRANCE. 
*Laboratoire Maurice Letort, C. N .  R.  S . ,  
54600 Villers-Les-Nancy, FRANCE. 

Abstract: Second to fourth stage graphite intercalation compounds 
(G.I. C.) with 70% perchloric acid have been synthetized according 
to a purely thermal process, and characterized by chemical analysis 
and 001 X-ray diffraction. Moreover, an exothermic transformation, 
evidenced by means of thermal analysis of these compounds, was 
assigned to the intercalate dissociation during the sample 
exfoliation. This specific property was utilized to carry out the 
exfoliation of natural and artificial graphites with particles of 
different diameters. Exfoliated materials were characterized by 
scanning electron microscopy ( S .  E. M.). The specific surface area 
and surface homogeneity of the samples were determined by means 
of krypton adsorption. 

INTRODUCTION 

The exfoliation of graphite intercalation compounds (G. I. C.) is generally 
produced by their abrupt heating over a critical temperature. This thermal 
shock causes the rapid vaporization and dissociation of the intercalate. 
The exfoliation appears to result from an endothermal process whose 
limits can be estimated: in order to produce exfoliation, the heating rate 
(or thermal shock) has to be adapted to the particle diameter 2,3. If its 
value is lower than that of a critical diameter (100 pm), the  main part of 
gas or vapor can be blown out without graphite exfoliation. 

A new procedure of exfoliation is thus proposed in this paper, 
which is based on the exothermal dissociation of the intercalate (HClO4). 
This method should enable the exfoliation of all carbonaceous materials 
which can be intercalated. The HC104 molecule is known to intercalate 
into graphite, forming a thermally unstable G.I.C. 5 .  In this study, the 
explosive properties of the HC104-G. 1.C have been controlled by dilution. 
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214/[616] D. PETITJEAN ET AL. 

EXPERIMENTAL DETAILS AND RESULTS, 

m h e s i s  and cha racterization of the e raphite perchlorate. 
Intercalation of commercial grade diluted perchloric acid (70% HClO4) 
was carried out by a purely thermal process, without the usual chemical or 
electrochemical assistance. Samples of highly oriented pyrographite 
(H.O.P.G.) were heated during one hour in a large excess of this diluted 
solution. HClO4 oxidizing power increases with temperature. Second, 
third and fourth stage G.I.C. were thus synthetized at 150OC, 130°C and 
1 l O O C  respectively 436. Increasing temperature over 1 5 0 T  results in the 
sample exfoliation. Consequently the first stage has never been observed. 

The compounds were characterized using (001) X-ray diffraction 
(MoKa radiation). Figure 1 presents X-ray diagrams of the second and 
fourth stage G.I.C..  The identity periods of the second, third and fourth 
stage, deduced from the (001) diagrams were estimated to be 1.104f0.007, 
1.443f0.006, 1.769f0.003 nm respectively. The interplanar distance 
calculated with these latter values is in agreement with previous 
works 7.8. 
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FIGURE 1 (001) X-ray diagram of second (a) and fourth (b) stage graphite 
perchlorate. 

(101) X-ray analysis yields information on c axis stacking of the 
graphene layers. This analysis was performed for the 3'd stage sample. 
The successive layers along c axis were shown to have the sequence 
ABA/BAB/ABA ...; c parameter is thus equal to 2 x Ic =2.886&0.012 nm. 

The C/Cl ratio of the second stage compound is estimated to be 29.3 
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NEW DATA ON GRAPHITE INTERCALATION COMPOUNDS [617]/215 

from chemical analysis. Assuming that the intercalate composition is the 
same as that of the azeotrope (72.4% HClO4), the formula of this 
compound can thus be written: C2g.3 HClO4 (H20)2.3. The following 
location of ClOi and H 2 0  species between the graphene layers can then be 
proposed, taking into account the (001) reflections relative intensities: the 
C1Oi tetrahedral groups and oxygen atoms of H20  occupy two symmetric 
planes. This structure with the interatomic distances is shown on figure 2.  
The reliability factor between theoretical and experimental relative 
intensities is 8.6% for the second and 15% for the third stage (when 
taking only into account C/Cl changes). 

0.384 

0.117 - 
0.0 - 
-0.117 --- 

o x y p  a m  from H ~ Q  

Figure 2 Disposition of the ClOi tetrahedral groups and oxygen atoms of 
H 2 0  molecules between the graphene layers (in nm). 

Exfoliation of the eraDhite Derchlorate co mD ound s. 
Thermal analysis of the third stage compound obtained with H. O.P.G. 
was carried out. On the diagram shown in figure 3, two peaks are 
observed : 

- the first, spread between 420 and 470K, is of endothermic type, 
and is assigned to partial desorption of the intercalate. 
- the second peak, intense and narrow, is of exothermic type and 
exhibits a maximum at 484 K. It corresponds to the 
decomposition of the intercalate with exfoliation of the compound. D
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exothermic 

endothermic 

FIGURE 3 Thermogram of third stage graphite perchlorate obtained 
with H. 0. P. G. (rate of the heating: 8K/min). 

The specific properties of HC104 intercalation compounds obtained 
with H.O.P.G. were applied to the exfoliation of pulverulent graphites 
and cokes by using the same intercalate. The origin and characteristics of 
the samples are reported in Table 2. After intercalation performed as 
described above, the liquid acid in excess was separated by filtration, and 
exfoliation was carried out by throwing the wet product into a silica tube 
heated at  600OC. 

TABLE 2 Characteristics and specific surface area of the pristine and 
ex foliated carbonaceous materials. 

Natural graphites Cokes 
graphitized heated at 

2600OC 1000°C 
Particle size (pm) 500<$<1000 $<50 $<112 $<112 

Specific area of the pristine 
carbons (m2/g) 
Specific area of the 
exfoliated compound (m2/g) 

Samples 
Madagascar brazilian 

0.3 2.84 1.0 0.5 

153 74 26 25 .3  

Exfoliated materials were characterized by S.E.M.. Their specific 
surface area and surface homogeneity were determined by means of 
krypton adsorption at 77.3K. 

S.E.M. observation (Figure 4a) of the sample obtained with 
pulverulent brazilian graphite shows the vermicular aspect characteristic of 
exfoliated compounds. Concerning exfoliated cokes (Figure 4b). it seems 
that the particle is expanded without any preferential direction, in 
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NEW DATA ON GRAPHITE INTERCALATION COMPOUNDS [6 19]/2 17 

agreement with the microtexture of the pristine material. 

FIGURE 4 S.E. M. observations of exfoliated samples obtained with 
micronic brazilian graphite (a) and green coke (b) (H.T.T. 1000°C). 

From the results reported in table 2, the exfoliation is  shown to 
cause an important increase of the specific surface area. The specific area 
of the exfoliated natural graphite is four times higher than that of the 
parent industrial product obtained by rapid heating of a graphite sulfate. 
The krypton adsorption isotherm at 77 .3K on Madagascar flakes, 
exfoliated according to our method, is compared to the isotherm measured 
on the commercial exfoliated graphite prepared by “Carbone Lorraine” 
(Figure 5a). The surface of exfoliated Madagascar flakes is less 
homogeneous than that of the commercial sample, as shown by the slight 
slope of the step and the decrease of its linear part, which corresponds to 
krypton two dimensional condensation on the uniform part of the 
surface 9 .  From the height ratio of the normalized isotherm linear parts, 
the extent of uniform surface was estimated to be 38% of the total surface 
area. When exfoliating brazilian graphite with the same procedure, we also 
obtain a sample with a large but not very homogeneous surface. The 
uniform part of the surface is ,  i n  this case, 47% of the total surface area. 

With this procedure even green cokes and graphitized cokes can be 
exfoliated (Table 2). But the surface heterogeneity is increased by 
exfoliation as shown on Figure 5b, where normalized isotherms measured 
on pristine and expanded cokes are compared. 

The enhanced surface heterogeneity probably originates from the 
intercalate explosion inside the graphite layers and from the basal planes 
oxidation. 

Exfoliation of coke particles have been already performed by Inagaki 
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0,8 - 

0,6 - 
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092 - 
0 '  

and coll. lo. Nevertheless, at  our knowledge, no specific surface area 
measurement has been reported. 

0 0  
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25 
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Figure 5a Normalized krypton adsorption isotherms at 77.3K on: 
(a) exfoliated Madagascar flakes (0) (according to our method) and on 

(b) exfoliated coke ( 0 )  and on pristine coke H.T. T. 2600OC ( 0 ) .  

commercial exfoliated graphite ( - - ). 

In conclusion, all kinds of carbonaceous materials which intercalate 
dilute perchloric acid can be exfoliated by this procedure. The resulting 
exfoliated materials exhibit high specific surface areas (up to 100m*/g for  
exfoliated natural graphite). Nevertheless, this exothermic exfoliation 
causes an important surface heterogeneity. 
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