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A sudden cathodic jump appearing on the potentiodynamic curves during subsequent electrochemical 
intercalation of  18M sulphuric acid into chromium tr ioxide-graphite intercalation compounds  
(CrO3-GICs)  is preserved for CrO3-GICs  heated at a temperature lower than that of  the decompo- 
sition of  the intercalate, but  vanishes completely after CrO3-GICs  are thermally transformed into the 
physical mixture of  graphite and lower chromium oxides. The results have shown that C rO3-GICs  
can be prepared, not  only by the solvent method but  also by the impregnation-dry method. Using 
a potentiodynamic technique involving the thermal modification of  CrO3-GICs  it has been possible 
to demonstrate the presence of  an intercalation phase for CrO3-GICs  which have unclear X-ray 
diffraction patterns. 

I. Introduction 

It is well known that the intercalation of sulphuric 
acid into graphite can occur by chemical as well 
as electrochemical methods. To prepare the inter- 
calation compound (H2SO4-GIC) using the former 
method the presence of oxidizers, for example CrO3, 
HNO3, KMnO4, is necessary in the solution [1, 2]. 

The influence of the oxidizers on the intercalation 
reaction has been quantitatively explained by Inagaki 
et al. [3, 4]. These authors concluded that the chemical 
process is fundamentally the same as the electro- 
chemical one and that the oxidizers dissolved in the 
solution oxidize the pristine graphite, fixing the 
threshold potential at which the following stage of 
HzSO4-graphite compound is subsequently formed. 
Using the electrochemical method, the preparation 
of stage 1 H2SO4-GIC can also be accelerated by 
adding chromium trioxide to sulphuric acid [5]. 
Very surprising phenomena have been observed in 
18 M sulphuric acid when the starting material is the 
intercalation compound with chromium trioxide 
(CrO3-GIC) instead of pure graphite [5, 6]. Apart 
from the peaks associated with the stage transform- 
ation of HzSO4-GIC , on the potentiodynamic curve 
a dramatic cathodic jump has been recorded during 
the first positive scan when the potential correspond- 
ing to the formation of stage 1 H2SO4-graphite 
compound is reached. In situ electrical conductivity 
measurements have shown that the cathodic jump 
is accompanied by a sudden conductivity drop [6]. 
These effects have been assumed to arise from the 
reaction of sulphuric acid with the CrO3 intercalated 
in graphite. The present work gives new experimental 
data which support this explanation and makes the 
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mechanism of cointercalation more clear. It is shown 
that using the potentiodynamic method the intercal- 
ation phase can be identified in the disordered and 
diluted CrO3-GICs formed thermally from the well- 
ordered ones, despite the almost total disappearance 
of the intercalation lines in the X-ray diffraction 
pattern. 

2. Experimental details 

CrO3-GICs were prepared by both the solvent 
(sample A2-AC) and impregnation-dry (sample 
A1-WI)  methods. Intercalation by the former 
method was carried out according to the procedure 
of Platzer and de la Martini~re [7], using a mixture 
of 1 g graphite and 5 g CrO3 in 50 cm 3 glacial acetic 
acid. The product was washed with acetone and 
dried to constant weight. The procedure of the 
impregnation-dry method has been described earlier 
[8, 9]. The preparation and the chemical data of 
both CrO3-GICs have been reported previously [5]. 

To determine the electrochemical changes effected 
by heat-treatment the samples of CrO3-GICs were 
heated to 160 and 240 ° C, respectively. The thermal 
characteristics of the samples are presented in Fig. 1 
and in Table 1. 

X-ray diffraction analysis of the original and the 
heat-treated compounds was performed using CuK~ 
radiation (Fig. 2). 

The electrochemical studies were performed in 18 M 
H 2 S O  4 using a working electrode in the form of 
particle bed placed on a platinum screen. To ensure 
a good electrical contact between the graphite 
particles, a short glass cylinder, closed at the bottom 
by polypropylene fibre, was placed at the top of the 
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Fig. 1. Thermogravimetric curves of CrO3 
GICs recorded in argon. Sample weight: 
800rag, heating rate: 10°min '. ( ) 
CrO3-GIC prepared by the impregnation- 
dry method (sample AI-Wl); ( - - - )  
CrO3-GIC prepared by the solvent method 
(sample A2-AC). 

electrode. The counter electrode was a platinum 
spiral, whereas the reference electrode was Hg/ 
Hg2SO 4 with 1 M H2SO4 connected to the solution 
under investigation by a Luggin capillary. Potentials 
measured against this electrode are designated E in 
Figs 3-5 of this paper. Cyclic potentiodynamic runs 
with a scan rate of 0.1mVs -1 were initiated at the 
rest potential of the electrode and the potential was 
changed in the positive direction up to 1.15 V. Then 
the direction of polarization was reversed and the 
potential was lowered to -0.2V. All measurements 
were performed at a temperature of 20°C using an 
electrode weight of 50 mg. 

3. Results and discussion 

The replacement of the pristine graphite by CrO3- 
GIC leads to the appearance of striking effects on 
the potentiodynamic curves (Fig. 3). During the first 
forward sweep, when the potential of the stage t 
H2SO4-GIC is nearly reached (around 0.9V), the 
current falls abruptly towards the cathodic region to 
return to the anodic current side. After the reversal 
of polarization a multiple cathodic response (with 
two maxima at 0.65 and 0.8V, respectively, and an 
inflexion point at about IV) appears for both 
CrO3-GICs within the potential region where the 
plateau is recorded for the pristine graphite. The 
origin of the cathodic current jump has been 

Table 1. Weight loss of  CrO 3 GICs obtained by the thermogravi- 
metric method 

Sample Weight loss 
(IC = Cr/C) x 10 3 

at 160 ° C at 240 ° C 

Am A m / I C  Am A m / I C  

I% I% I% I% 

A2-AC 22.8 0.17 7.46 0.39 17.1 
A1-W1 35.6 0.07 1.97 0.91 25.6 

accounted for by the opening of the graphite 
'pockets' (encapsulating the intercalated CrO 3 
followed by the reaction of the primary intercalate 
with H2SO 4 [5, 6]. A multiple cathodic peak response 
during the reverse sweep in the range between 0.5 and 
1.15 V has been assumed to arise from the reduction of 
CrO3 released from and/or retained within the 
graphite lattice [5]. If we take into account the 
results reported earlier [10, 11] that sample A2-AC 
(prepared by the solvent method), exhibiting X-ray 
diffraction pattern with a family of intercalation 
peaks, is more easily deintercalated in aqueous 
electrolytes than sample A1-W1 (prepared by the 
impregnation-dry method) having a very disordered 
structure, then greater amounts of structural traps 
existing in the latter sample may be responsible for 
the fact that the mentioned cathodic response of 
sample A1-W1 does not disappear after the first 
reverse sweep, as in the case of sample A2-AC (Fig. 
3), but is preserved for three cycles. In addition, a 
distinct depression is observed for the second and 
third cycles of sample A1-W1 at potentials higher 
than 1 V which may correspond to the second step 
of cointercalation of H2SO4 into the host CrO 3- 
GIC. More recently it has been shown that during 
the first forward sweep in 12M H2SO 4 three cathodic 
jumps are recorded for sample A I - W l  but only 
one jump for sample A2-AC [12]. Such different 
behaviour of both samples is attributed to the 
chemical and structural properties of CrO3-GICs 
resulting from the method of intercalation. 

A distinct weight loss of CrO3-GICs observed on 
the thermogravimetric curves above 220°C (Fig. 1) 
is associated with the deintercalation of CrO3-GIC 
resulting from the thermal decomposition of CrO 3 
alone to lower chromium oxides [13, 14] and from 
its reduction by graphite carbons [9, 15-17]. Above 
220°C CrO3-GICs change into exfoliated graphite 
[9, 11, 15, 17, 18] formed due to the rupture of the 
graphite cages retaining the intercalated islands. It 
has been shown previously that the intercalation 
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peaks on X-ray diffractograms disappear instantly on 
heating CrO3-GICs above 220 ° C [11]. The TG curves 
presented in Fig. 1 also show that the weight loss of 
both compounds begins at temperatures distinctly 
lower than 200 ° C. Below 200°C sample A2-A C is 
markedly less stable than sample A I - W l .  Taking 
into account the results of Kobayaschi et al. [19] it 
may be assumed that, in the case of  CrO3-GIC 
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Fig. 3. Cyclic potentiodynamic curves obtained in 18 M H2SO 4 for 
CrO3-GIC (sample A2-AC). ( ) Cycle 1; ( - - - - - - )  cycle 2; 
(- - -) cycle 3. 

Fig. 2. X-ray diffraction patterns of CrO 3-GIC 
prepared by the solvent method (sample 
A2-AC). G = graphite 002 reflection. (a) 
original compound; (b) after heat treatment 
at 160°C for 10min; (c) after heat treatment 
at 160°C for l h. Nickel filtered CuK~ 
radiation. 

from the solvent method (A2-AC), CO2 may also 
originate from the decomposition of the CH3COOH 
molecules cointercalated with CrO 3. It is interesting 
to note that the weight loss, Am, is not simply 
proportional to the amount of the intercalated 
CrO3, but also depends on the structure of  CrO 3- 
GIC resulting from the method of  intercalation 
(parameter A m / I C  in Table 1). 

In Fig. 2 the structural changes caused by heating a 
CrO3-GIC (sample A2-AC)  below the decompo- 
sition temperature are shown. Intercalation peaks 
decrease in intensity and become broader with the 
time of heat-treatment. After 1 h only one residual 
intercalation peak is visible (Fig. 2(c)). This diffrac- 
togram resembles that of the original CrO3-GIC 
prepared by the impregnation-dry method exhibiting 
only one broad and small nongraphite peak (sample 
A I -W 1 )  [9, 201. 

The most characteristic feature of  the potentio- 
dynamic curves obtained for both CrO3-GICs 
decomposed at 240°C is the disappearance of the 
cathodic jump. This result shows that this effect is 
associated with the reactions occurring within the 
intercalated phase of  graphite. As can be seen from 
Fig. 4, a double anodic peak appears in the potential 
range 0.65-0.95V instead of the cathodic leap. On 
cycling the two peaks become more pronounced. 
The comparison of this figure with those recorded 
for the pristine graphite [5, 6, 21-23] leads to the 
following conclusion. As the first current subpeak 
appearing in Fig. 4 at less positive potential (the 
maximum at about 0.8 V) is associated with the trans- 
formation from stage 2 to stage 1 H2SO4-GIC,  the 
second one can be assumed to arise from the anodic 
oxidation of lower chromium oxides produced due 
to the thermal decomposition of CrO3-GIC.  The 
current rise observed above 1 V is associated with 
the overoxidation reaction of graphite. After the 
polarization is reversed, a large double cathodic 
peak is recorded in the potential range around 
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Fig. 4. Cyclic potentiodynamic curves obtained in 18 M H2SO 4 for 
CrO3-GIC (sample A2-AC) heated at 240°C for 3 h. ( ) 
Cycle 1; ( - - - - - - )  cycle 2; (-  - -) cycle 3. 

0.6-1 V. This peak is similar to that observed for the 
original CrO3-GICs (Fig. 3) except for the fact that 
in the case of  the products of  thermal decomposition 
of  CrO3-GICs no inflexion is recorded on its right 
branch. Two reactions proceeding within this peak 
may be related to the reduction of the overoxidized 
graphite, as well as the reduction of Cr 6+. 

To understand more thoroughly the participation 
of lower chromium oxides in the electrochemical 
reactions in 18 M H2SO 4 it is important to recall that 
two types of  oxides, incorporated with the graphite 
lattice and being a physical admixture, have been dis- 
tinguished [24, 25]. The latter oxides are formed at 
temperatures higher than the equilibrium tempera- 
ture of CrO3/Cr30 8 (over 220 ° C) [13] when the inter- 
calated CrO3 decomposes and is reduced by the 
graphitic carbons. Due to these reactions the interca- 
lation compound is completely destroyed with the 
accompanying exfoliation effect. At temperatures 
lower than 200°C the intercalated CrO3 is reduced 
exclusively by the graphitic carbons [17], preferably 
at the edges of graphite flakes and at the structural 
defects. In consequence, new graphite pockets are 
formed in which the CrO3 intercalate is surrounded 
by reduced molecules of oxidation state between 3.8 
and 5.2 [25]. 

Figure 5 shows the changes in the potentiodynamic 
curves resulting from heat-treatment of CrO3-GIC 
(sample A2-AC)  at 160 ° C. A sharp current jump at 
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Fig. 5. Cyclic potentiodynamic curves obtained in 18 M H2SO 4 for 
CrO3-GIC (sample A2-AC) heated at 160°C for lh. ( ) 
Cycle 1; ( - - - -  ) cycle 2; (-  - -)  cycle 3. 

about 0.85V is still observed but its amplitude is 
reduced as compared with that recorded for the 
original CrO3-GICs (Fig. 3). This suggests the loss 
of some intercalated molecules of  CrO3 due to their 
reduction by the graphitic carbons. The remaining 
intercalate remains with the same structure and/or 
can form new intercalation domains of mixed stages 
containing chromium of  lower oxidation state. Thus, 
consistent with the previous findings [10, 11, 17, 18, 
24] and supported by Fig. 2, a new diluted and 
disordered intercalation system, admixed with non- 
bonded lower chromium oxides, is formed on heating 
CrO3-GICs at 160°C. Despite the almost total 
disappearance of  the intercalation peaks upon pro- 
longed heating of sample A 2 - A C  from 10 min to 1 h 
(Fig. 2(c)), the sharp cathodic jump is still present 
on the potentiodynamic curve of this sample (Fig. 
5), but it is of lower intensity. The cathodic jump 
was also observed on the potentiodynamic curve 
obtained for sample A1-W1 heated prior to the 
measurements for 1 h. The thermoelectrochemical 
characterization of CrO3-GICs provides new evi- 
dence that graphite can be intercalated with CrO3 by 
the impregnation-dry method and shows that the 
potentiodynamic method involving the cathodic 
current effect is a very sensitive tool allowing the 
detection of  chromium oxides intercalated in the 
disordered and diluted systems for which X-ray 
analysis fails. These results, at variance with the 
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claims of Ebert et al. [14, 26, 27], support the previous 
statement [5, 11, 24] that the absence in the X-ray 
pattern of the intercalation lines is not proof that 
the product of intercalation contains no intercalation 
phase. 

The characteristic feature of the potentiodynamic 
curves obtained for all CrO3-GICs heated at 160°C 
is the depression recorded at about 1 V during the 
forward sweep (Fig. 5). As mentioned above, a 
similar depression, but of smaller amplitude, was 
noted for the pristine compound marked A1-W1. 
However, after this sample was heated at 160°C for 
1 h, the depression, together with the preceding 
anodic hump became more pronounced and pre- 
served for longer times (even for three cycles). 
Because these effects result from the increased 
amounts of lower chromium oxides and the enhanced 
structural disordering, it is likely that some part of the 
intercalate becomes more firmly bonded within the 
graphite pockets and new structural traps encapsu- 
lating intercalate are formed on heating. In conse- 
quence, intercalation of H2SO4 into a new system of 
increased energy bonding requires a higher positive 
potential. The presence of the effects in the potentio- 
dynamic curves of the original compound, marked 
A1-W1, becomes clear in the light of the fact that 
this GIC of disordered structure is synthesized at 
200 ° C [8, 9]. The proposed mechanism also accounts 
for the results obtained for sample A2-AC. The 
worsening of structural ordering, observed after this 
compound is heated at 160°C (Fig. 2(b) and (c)), 
leads to the appearance of the same features on the 
potentiodynamic curves (Fig. 5) as those recorded 
for the pristine sample A1-W1. These effects increase 
on prolonging the time of heat treatment. 

In conclusion, this work yields definitive evidence 
that the cathodic jump phenomenon recorded on the 
potentiodynamic curves during the subsequent inter- 
calation of sulphuric acid into pristine CrO3-GIC is 
associated with the reaction occurring between the 
c o i n t e r c a l a t i n g  H z S O  4 and the chromium trioxide 
and/or lower chromium oxide primarily intercalated 
in graphite. To approach the problem of interaction 
between sulphuric acid and CrO3-GICs in situ 

X-ray measurements are necessary in the future. The 
potentiodynamic technique, involving the thermal 
modification of CrO3-GICs, is not only a new 
analytical method of sensitivity exceeding that of 
X-ray analysis, but may also serve as a useful tool for 
selection of proper CrO3-GICs for practical use, 
especially as cathode materials for chemical power 
sources. 
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