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The intercalation of bisulphate ion in graphite has been studied. Oxidation occurs in two stages, at

0.9V and 1.8V versus NHE, but the formation of thermally expandable compounds is associated with
the second oxidation process. The first oxidation process is associated with the formation of a lower
order of intercalation compound. The transport of HSO; between the graphite planes is diffusion
controlled and the diffusion coefficient value estimated is in the range of 0.3 to 2.8 x 107 cm?*s™! which
indicates that the intercalated ions can move quite freely between the graphite planes. The oxidation of
the graphite flakes in a fluidized bed electrode was studied by AC and voltammetric techniques. Good
interparticle contact was achieved when a slight compressive load was applied and fluidization resulted in
a large decrease of the solid phase resistance of the bed electrode.

Nomenclature
A electrode area
c? HSOy concentration corresponding to

the i intercalation compound

HSO; concentration in bulk graphite
initial HSOZ concentration in graphite
at any distance from the surface

bulk concentrations of the oxidised
and reduced species of a redox couple
in solution

diffusion coefficients of oxidised and
reduced species of a redox couple in
solution

F faraday constant

n number of electrons involved in a
redox process

gas constant

effective resistance of the solution
inside the bed

R, solid phase resistance of a bed electrode
t time

T absolute temperature

o Warburg coefficient

C(oo’ t )
Cix, 0
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1. Introduction

The existence of compounds of graphite has been

0021-891X/83/020147-09$03.48/0

known for a long time [1], and of these, the
lamellar complexes have been the most widely
studied. The bonding between the flat graphite
aromatic layers is rather weak and allows the
insertion of simple chemical compounds giving
rise to the formation of intercalates [2]. The
stoichiometry of these is determined in principle
by the requirements of formation of the corre-
sponding sublattices, and the number of graphite
layers separating each sublattice. In the case of the
sulphuric acid lamellar complex the maximum
stoichiometry corresponds to C3,HSOj [3]; the
compound formed is known also to contain un-
dissociated H,SQO, and the stoichiometry of this
graphite salt is C3,HSO; - 2.5H,80, [4].
Increasing uses are being found for intercalation
compounds; for instance, graphite—bisulphate is a
very good catalyst for a range of esterification
reactions performed at room temperature [5, 6].
Bromination reactions with graphite—bromine
compounds have been described [6] and cetal
formation and nitration reactions are known to
occur [7]. Some recent developments [8] have
shown the possibility of use of graphite—bisulphate
as the positive electrode in secondary battery
technology and the use of dilute sulphuric acid as
an electrolyte has been suggested [9]. In the
metallurgical industry, these compounds have been
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employed as expandable materials in insulating
topping mixtures. On heating, intercalated
graphites are known to increase in volume up to
300 times [10]. The resulting open structure has
good insulating properties, which are used in the
foundry industry to control the ingot solidification
rate of the hot top. The graphite—bisulphate
compound has been prepared by chemical oxi-
dation in sulphuric acid using a variety of oxidiz-
ing agents, such as Mn**, KMnO,4, HNO;, CrO; and
others [1]. The oxidizing agents themselves are not
intercalated and therefore the oxidation can be
performed electrolytically {1, 11]. The purpose of
this work was to study the general characteristics
of the electrochemical oxidation process, and the
feasibility of using a packed or semi-fluidized bed
approach [12] for the bulk electrochemical oxi-
dation of graphite to yield the thermally expand-
able forms [10].

2. Experimental procedure

Flake natural graphite from Madagascar was
employed in all the experiments. Two different
electrode configurations were used in this work:
(1) For the electrochemical characterization of the
material, solid pellets obtained by high pressure
compaction of the flakes was used, and (2) A bed
electrode made up of free graphite flakes was
employed for the bulk electrochemical oxidation
studies. The pellets were prepared by compressing
the flakes under a total compressive force of

30 Tons,” in a die of 2.8 cm diameter. The pressure
was maintained for 5 minutes and the electrical
resistance across the pellet was less than 0.01 £2.
The circular pellets were cut in sections with the
aid of a small saw and the sides were covered with
acid resistant insulating masking enamel. Electrical
contact was made with a copper wire inserted at
one end of the electrode, and electrical continuity
was ensured with silver paint. The electrode sur-
face was polished with 1200 grit emery paper
before each measurement and a conventional three
electrode cell was employed. A Hi-Tek DT 11005
potentiostat with a Hi-Tek PPR1 waveform
generator and a Bryans 26000 x—y recorder was
used in the voltammetric work.

* 1 ton = 9.80665 X 10° newtons.

Figure 1 shows the flow cell used in the
packed/semi-fluidized bed experiments. The
working electrode comprised the bed of graphite
flakes (length ~ 3.0 cm) with a platinum gauze
feeder electrode (40 strands per square inch)
placed at the bottom of the bed. A 4.0 cm length
of the flow cell prior to the electrode compart-
ment was filled with glass ballotini to ensure a
smooth velocity profile in the solution entering
the bed. The counter electrode was a platinum
spiral placed downstream and the reference elec-
trode was a saturated mercury-mercurous sulphate
saturated K, S0, electrode (F,, = 0.616V versus
NHE).
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Fig, 1. Cell used for the fluidised bed experiments. (1) Bed
of graphite flakes; (2) glass ballotini; (3) platinum gauze
feeder electrode; (4) reference electrode; (5) platinum
counter electrode and (6) capillary for controlling the
flow rate.
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The solutions were deaerated in a reservoir by
bubbling nitrogen through them for about half an
hour, and were kept under a slight overpressure of
nitrogen. The solution flow rate was controlled by
a capillary at the end of the flow line and was kept
constant to within 0.3% during the course of the
experiment by the nitrogen overpressure in the
reservoir which served to maintain a constant
hydrostatic head. The flow rate through the
capillary was calibrated by measuring the volume
delivered for a given time, using a measuring
cylinder.

The cell used for the compressed bed
experiments is shown in Fig. 2. Starting from a
bed with a rest length of 3.0 cm, and using the
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Fig. 2. Cell used for the compressed bed experiments.

(1) Bed of graphite flakes; (2) glass ballotini; (3) platinum
gauze feeder electrode; (4) reference electrode; (5)
platinum counter electrode; (6) capillary for controlling
the flow rate; (7) 10 cm?® syringe and (8) nylon mesh
fixed at the bottom of the open syringe plunger.

plunger—syringe arrangement, the bed was com-
pressed to different lengthsi.c., 2.4, 2.0 and

1.75 cm. The a.c. impedance was measured by
phase sensitive rectification of the current output
of the potentiostat used for controlling the bed
potential. The phase sensitive detectors and
potentiostat used for this study were built from
operational amplifiers [13]} and the in-phase and
quadrature components of the current were
integrated with a Hi-Tek digital integrator.

The a.c. signal applied to the cell had an ampli-
tude of 1.5mV and a Brookdeal 9743 oscillator
provided the input signal to the potentiostat as
well as the in-phase and quadrature reference
signals for the phase sensitive detectors.

The temperature in all experiments was 20 *
2° C and all the results were referred to the normal
hydrogen electrode (NHE) potential scale.

3. Results

Although the current densities measured were not
very reproducible when different pressed samples
were studied, the potentials of the oxidation and
reduction peaks were reproducible. This result is
expected for electrodes obtained by compression
of an inhomogeneous powder. Therefore, the
current densities quoted must not be taken to
represent the values for the free flakes in a suspen-
sion with good particle interconnection.

Figure 3 shows some typical linear sweep
voltammetry results. It is to be noted that
although the potential for the second oxidation
process is similar to that reported by Beck et al.
[11] for the oxidation of graphite in sulphuric acid
solution, we also find an oxidation process at less
positive potentials; it is a high current density
process and leads to a plateau region over 800 mV.
Figure 4 shows the HSOZ ion concentration
dependence of the /- response while the influ-
ence of the proton concentration on the second
oxidation process is shown in Fig. 5.

The first oxidation wave occurring at ~0.9V
has a sweep rate dependence characteristic of a
diffusionally controlled process, i.e., the peak
current is proportional to (sweep rate)'/2.

The impedance results with planar electrodes
are indicative also of a diffusionally controlled
process in the potential region of the first anodic
peak (Figs. 6 and 7) [11]. In order to determine
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Fig. 3. Linear sweep voltammetry of high pressure com-
pacted graphite flake electrode: ————— 6 moldm™?
6 moldm™3 H,S0,. Sweep rate

the true geometrical electrode area, the impedance
spectrum of a planar electrode in contact with a
1072 mol dm ™ aqueous solution of the Fe(CN)Z™/
Fe(CN)¢™ couple was measured and is shown in
Fig. 8. The supporting electrolyte used was

0.5 mol dm ™ Na,S0,. The results were treated
according to the Randles equivalent circuit [14]
and from the measured Warburg coefficient:

_ RT 1 + 1 .
" n?F?42Y2 \CoxDE:  CrDE’ W

the electrode area was calculated, and was found
to coincide with the measured area. The diffusion
coefficient values of the ferro- and ferricyanide
ions used for this calculation were 4.7 x 107 cm
s~ and 5.3 x 107 cm? 57! respectively [15].
Impedance analysis on the bed of graphite
flakes was carried out as before, using a 1072
moldm™ aqueous solution of Fe(CN)3™/Fe(CN)g~
in 0.5 mol dm™ Na,S0;, at the reversible poten-
tial of the hexacyanoferrate redox couple on
graphite. Flow rates in the range 3—14 cm® min~
were used and the impedance spectrum at each
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Fig. 4. Linear sweep voltammetry of a high pressure
compacted graphite flake electrode in NalISO, solutions
of different concentration 1 moldm™*NaHSO,,
————— 6 moldm ™2 NaHSO,.

flow rate was recorded. The variation of the bed
impedance with flow rate is shown in Fig. 9.

A computer fitting procedure was used to fit
all the experimental results based on the one-
dimensional transmission line model for a porous
bed electrode [13, 16] (Fig. 10). A typical result
for the compressed bed experiments is shown in
Fig. 11, where the drastic decrease of the bed
impedance caused by compression can be clearly
seen.

4. Discussion

The voltammetric results show that the acid
sulphate ion is not involved in the rate determining
step of initial graphite oxidation, since a sixfold
increase in current should have been easily
observed in the results shown in Fig. 4 for the first
oxidation wave. The dissimilarity in potential for
the first oxidation wave between Beck’s work [11]
and the present one could be linked with the
different methods of electrode preparation. Beck
used a polypropylene/natural graphite mixture to
prepare his electrode, whereas here pure natural
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Fig. 5. Oxidation potential of a high pressure compacted

graphite flake electrode for different H* ion concen-
3

trations at a constant HSO; concentration of 6 moldm™.

The potentials correspond to a current density of 0.05 A
cm™? for linear sweep experiments. Sweep rate 0.02V's
The results correspond to mixtures of composition

X6 moldm ™ H,S0, + (1 — X)6 moldm™~ NaHSO,.

graphite in a highly compacted form was
employed. The first oxidation process though, is
diffusionally controlled (Figs. 7 and 8) and
corroboratory evidence for this was obtained
from current—time transients. Figure 12 shows
potential step results for the planar graphite
electrode in 6 mol dm 3 H,S0, acid. At potentials
well beyond the first oxidation peak, but before
the second oxidation process, the current is a
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Fig. 6. Impedance plot for a planar high pressure com-
pacted graphite flake electrode in 0.5 moldm>Na,SO,.
Frequencies in Hz are indicated in the figure. The elec-
trode was at the rest potential, 0.66 V versus NHE.
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Fig. 7. Impedance plot for a planar high pressure com-
pacted graphite flake electrode in 0.5 moldm™ H,S0,.
Frequencies in Hz are indicated in the figure. The elec-
trode was at the rest potential, 0.76 V versus NHE.

linear function of £/2, as expected for diffu-
sionally controlled intercalation. For semi-infinite
planar diffusion, the current-time relationship is
[17]

| nFCODY?
L= V27 (2

Equation 2 applies for a diffusional field estab-
lished with the boundary and initial conditions:
C(O,t) = Clo C(w,t) = 0, C(x, 0) = 0.
3
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Fig. 8. Impedance plot for a planar high pressure com-
pacted graphite flake electrode in contact with a 0.01
mol dm ™3 Fe(CN,)* /Fe(CN,)*" redox couple in 0.5 mol
dm™* Na,SO, at the reversible potential (£ = 0.431 versus
NHE).
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Fig. 9. Impedance plot for an unconsolidated bed of graphite flakes as a function of flow rate at the reversible poten-
tial (£ = 0.431 £ 0.003 V versus NHE). With no flow, bed length = 2.0 ¢cm; supporting electrolyte = 0.5 moldm™3
Na,SO,, redox couple = 0.01 moldm™? Fe(CN,)* /Fe(CN){". Flow rates (cm® min™'); e, 3.66; m, 6.85; ¢, 7.84; o,

11.94 and o, 13.2.

C? is the concentration of HSOj corresponding to
the intercalation compound formed; although the
C:HSOj ratio for the first oxidation is not known,
the possible limits are C3,HSO3 and C7,HSO;
[1--4]. Therefore, taking the approximate density
of the compounds as equal to graphite (~ 2 gcm™)
the C? values for the C3,, Cig and C3, compounds
are 6.9, 3.5 and 2.3 mol dm™3, respectively. From
the results in Fig. 12, the range of diffusion coef-
ficients calculated is from 3.1 x 1077 to0 2.8 X

107 cm? s7*. These results differ from those of
Beck et al. [9,11] who found a value of 7 x

1078 cm? 57! for the diffusion of sulphate and
3.2t0 4.5 x107° cm? 57! for the diffusion of
perchlorate in graphite from transient and steady
state measurements across pressed pellets with
polypropylene binding. In their work, the trans-

Re Re Re Re
— e b r—
z z
— "} 1 T
Rs Rg Rs Rg

Fig. 10. One dimensional transmission line model for a
porous electrode used in the analysis of the bed imped-
ance results, R, = solution resistance per unit length in
porous electrode; Rg= solid phase resistance per unit
length; Z = interfacial reaction impedance.

versal geometrical dimensions of the pressed
pellet were used as the diffusional length. The
pressing process employed resulted in an orien-
tation of the flakes parallel to the surfaces and as
a consequence, the real diffusional path is much
greater than the geometrical overall diffusional
thickness. This probably accounts for the differ-
ence in the values of the diffusion coefficients
found. The results presented here are not depen-
dent on any assumption regarding the real diffu-
sional length and probably represent more
accurately the value for the diffusions of the
HSO7 ion within the graphite planes. In addition,
the actual active electrode surface may be differ-
ent due to the use of a binder, and the time scale
used for the calculation of the diffusion coef-
ficient is quite different. In the work of Beck

et al. [11] results at diffusion times greater than
100 s were used whereas the present work refers
to a maximum electrolysis time of ~ 2 s. The large
disparity in the value of D may be therefore, a
consequence of the analysis of different processes
occurring at different times.

It is interesting to note that the diffusion coef-
ficient values calculated are, at the most, one
order of magnitude lower than those correspond-
ing to aqueous solutions. These high values are
quite unusual for solid state diffusion and show
that the intercalated ions can move quite freely
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Fig. 11. Impedance plot for a
compressed graphite flake bed
electrode at the reversible
potential. Length of com-
pressed bed = 1.75 cm; un-
compressed bed length 3.0cm;
7 flow rate 12.5cm® min™;
supporting electrolyte — 0.5
moldm™* Na,SO,; redox
couple = 0.01 mol dm™?

between the graphite planes. Therefore, the first
peak corresponds to the diffusion of either SO3~
or HSO; through the graphite lattice and the surface
concentration of the diffusing species is determined
by the stoichiometry of the corresponding graphite
salt. In this way, the bulk concentration of SO~ or
HSOj in the concentration ranges studied will not
determine the rate of intercalation,

The above discussion is based on the idea that
the first oxidation peak is associated with the
formation of a lower order of intercalation com-
pound. The possible involvement of quinone
surface groups in the anodic oxidation of carbon
and graphite surfaces has been previously observed
by Blurton [18], Randin and Yeager [19] and
Lowde et al. [20], among others. For the surface
processes, broad oxidation peaks occur at 0.7V
versus NHE [18] whereas the reduction of elec-
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Fig. 12. Current—time transients for a planar high pressure
compacted graphite flake electrode in 6 moldm™* H,SO,
for potentiostatic potential step experiments. Starting
potential = 0.24 V; potential stepped to; e, 1.24V and

0, 1.44 V; versus NHE.

632'(Q) Fe(CN)? /Fe(CN){™.
trochemically oxidised carbon occurs at ~ 0.5V.
The potentials of the quinone~hydroquinone and
1-2 naphthoquinone redox couples occur at
0.6995 and 0.547 V respectively and this has
been taken as indicative of the involvement of
the quinone systems in the redox properties of
carbon surfaces [19]. Indeed, the presence of
these types of surface groups has been known for
a long time [21]}, but cannot account for our
experimental results. At the sweep rates
employed in this work, the current densities
observed at the first peak were of the order of

30 mA cm™?, whereas the results for a true surface
redox process gave peak currents of ~ 0.4 mA
cm™2 [18], i.e., two orders of magnitude lower
than those observed in this work. Furthermore,

a surface redox process cannot lead to a diffu-
sionally controlled response as observed here
(Figs. 6, 7 and 12) and it must be concluded that
a bulk process is occurring. The differences in
behaviour of natural graphite as used in this work,
and synthetic materials [18], is very striking and
is most likely due to the size of the graphite
crystallites. In the case of the synthetic materials,
bulk diffusion for the intercalation process will
be severely hindered by orientational mismatch
of the crystallites.

The nature of the second oxidation process is
still not clear, but it is dependent on the H* ion
concentration, since the results shown in Fig, 5
correspond to constant HSO; ion concentration.
It is usually considered that the oxidation process
refers only to the intercalation of an anion and the
formation of a positive charge residing on the
graphite planes. It is more likely though, that the
intercalation process is accompanied by the oxi-
dation of either keto or phenolic groups as part of
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the intercalation process [18]. The presence of these
types of functional groups gives a reasonable expla-
nation for the shift in oxidation potential with pH.

The formation of expandable graphite occurs
only when the process is performed in the second
oxidation region. This was observed by performing
chemical oxidations with a variety of reagents
(H,0,, K,S,05, KMnO,) and expandable forms
were only obtained when the redox potential
corresponded to the onset of the second oxidation
process. To perform this reaction, a fluidized bed
arrangement seemed a most suitable approach for
industrial scale-up. The characterization of the bed
in terms of solid phase resistance, solution resist-
ance and active area of bed per unit electrode
length was carried out using the a.c. impedance
technique previously described.

The effect of flow rate on the bed is clearly
seen from the results in Table 1. The active area
decreases with increasing flow rate due to the
effect of decreasing interparticle contact. The
values are extremely low, showing that the bed
of graphite flakes used in this configuration was
unsuitable for oxidising graphite electrolytically.
The solid phase resistance, R, increases with flow
rate, again due to a decrease in interparticle con-
tact as the flow rate was increased. The effective
solution resistance inside the bed, R, shows little
variation at flow rates higher than 4 cm® min™!
showing that the electrolyte path through the bed
at these higher flow rates reaches a constant value.

Table 2 shows the effect of changing the
electrode length on the solid and electrolyte
phase resistances. As the electrode length
increases, R (measured per unit length of elec-
trode) decreases due to the effect of compression
of the flakes at the bottom of the bed by the
weight of the graphite in the column above it. R,

Table 1. Parameters calculated for the unconsolidated bed
of graphite flakes as a function of solution flow rate. Bed
length 2.0 cm

Flow Area Rg Re

(cm® min™*) (cm? cm™Y) (Qcm ) (Qem™)
3.6 0.33 0.39 44
5.9 0.31 0.57 37
7.8 0.27 0.59 39

11.9 0.29 0.61 38

13.2 0.22 0.80 39

Table 2. Parameters for graphite bed electrodes of differ-
ent heights. Flow 13.2 cm® min™?

Electrode length (cm) Ry (Qem™) Re (2em™)
3.6 0.77 46
3.0 0.80 38
2.7 0.96 37

on the other hand, increases with electrode length,
as the solution path through the bed increases.

Table 3 shows the results obtained from the
compressed bed experiments, using the cell shown
in Fig. 2. It is evident, from the values of area and
solid phase resistance, that the effect of com-
pressive loads on the bed leads to a great increase
in interparticle contact. The solution resistance,
though, increases with compression; this is
evidence for the increased effective path length
of the electrolyte as the contact between flakes
is enhanced.

The conclusions reached from the a.c.
impedance analysis were verified in the linear
voltage sweep experiments carried out on both
expanded and compressed beds in a 2 mol dm™3
H,S0,/4 mol dm™ NaHSO, aqueous mixture.

As can be seen from Fig. 13, almost no oxidation
of the graphite can be observed in the expanded
beds, whereas on compression, the oxidation of
graphite can be clearly seen.

The current—potential curves for the com-
pressed bed are different from the voltammograms
for the plane electrode shown in Figs. 3 and 4. It
must be realized that these two experiments refer
to two different conditions; for the planar elec-
trode, the current—potential relationship is solely
determined by solid phase diffusion. For the bed
electrode, the current—potential curve (Fig. 13)
reflects not only the electrochemical process
occurring on each graphite flake but also the
potential distribution across the bed due to ohmic

Table 3. Parameters for a compressed bed as a function of
degree of compression. Flow 12 cm® min™!

Compressed bed ~ Area Rq R,
length (cm) (em?cm™) (2ecm™)  (Qem™h)
Initial = 3.0cm 0.25 0.78 37
2.4 1.14 0.16 42
2.6 2.89 0.10 41
1.75 3.40 0 42
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drop in both phases [22]. Therefore, the measured
voltammetric curves will depend on the detailed
potential distribution across the bed and the
measured current represents an integral quantity.
Nevertheless, the result shown in Fig. 13 is a very
good indication of the enhancement of inter-
particle contact under slight compressive loads.

5. Conclusions

The intercalation of the HSOjZ ion in graphite at
potentials corresponding to the second oxidation
wave results in thermally expandable forms. In
the first oxidation region, the oxidation is diffu-
sionally controlled, corresponding to the transport
of HSOZ between the graphite planes. The imped-
ance results show that fluidization of the graphite
bed electrodes results in the loss of interparticle
contact and it is likely that the flat geometry of
the particles is detrimental to the establishment of
electrical contact in the presence of upward flow
through the bed. Slight compression of the bed
increases the electrical continuity and electrolysis
becomes possible under these conditions.
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