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Abstract

Composite electrodes which comprise a non-conductive activated carbon of large surface area (1420 m* g~') and a conductive carbon black
(CB) of small surface area (220 m? g~') have been prepared and studied for their capacitive properties in aqueous KOH and Na,SO,
electrolytes. For either electrolyte, maximum capacitance exists at the composition believed to correspond to the percolation threshold for CB,
the conductive phase. At a CB content less than the threshold, the capacitance is limited mainly by the electronic resistance on the electrode
side. The interfacial surface area becomes the limiting factor as the threshold is exceeded. A maximum capacitance of 108 F g~ at a voltage
sweep rate of 20 mV s~ is obtained in 1 M KOH aqueous electrolyte with a CB content of 25 wt.% (or ~14 vol.%). © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Carbonaceous materials are important electrode consti-
tuents in supercapacitor devices. They have been employed
either as the sole electrode component in an electric double-
layer capacitor (EDLC) [1-7], or as part of composite
electrodes that contain pseudocapacitive materials, such
as RuO,; [8-10]. There currently exist carbonaceous materi-
als which possess a variety of microstructural and electrical
properties, and have a wide range of cost. Combination of
these materials provides a flexible way to optimise the
capacitor based on performance and cost considerations.
Understanding the interplay between the overall properties
of such a composite electrode and the characteristics of its
carbon constituents is a key to the optimisation process.

In terms of kinetic considerations, for instance, high
electrode conductivity and large pore size are important
and can be achieved by carbons with a high degree of
graphitisation. The high-temperature graphitisation process,
nevertheless, typically leads to a significant loss in specific
surface area [11] and, hence, to low capacitance. Although
graphitic materials such as carbon nanotubes have both
high conductivity (~1Scm™') and large surface area
(>1000 m? g~ "), they are in general of much higher cost
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than non-graphitic activated carbons, which are also of large
surface area but poor conductivity.

Aiming for a carbon EDLC of low cost, the present work
has focused on composite electrodes that contain non-gra-
phitic activated carbons as the main source for providing the
needed charge—storage interfacial areas, along with conduc-
tive carbon black (CB) for improving electrode conductivity.
Emphasis is placed on determining the optimum content
of CB for maximum capacitance and also on understanding
the general electrochemical behaviour of such composite
electrodes.

In brief, it is found that the capacitance of the composite
electrode depends strongly on composition. Maximum capa-
citance is obtained at the composition that corresponds
to the percolation threshold of the conductive component
(the CB). The results may also have strong implication in
other electrochemical cells where conductive materials are
intentionally added for improving electrode conductivity.

2. Experimental

Electrochemical capacitive properties were characterised
by cyclic voltammetry (CV) analysis using an electroche-
mical analyser (Eco Chemie PGSTAT30) and a plane-type
capacitor cell. The electrodes hada 1 cm x 1 cm active area,
a thickness of 750 pm. Titanium mesh served as the current-
collector. Aqueous solutions of 1 M KOH and 1 M Na,SOy,
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respectively, were used as the electrolytes. The specific
capacitance, Ce quoted in this work for each of the electrode
pairs, was calculated from: Ce = 2[(i. + i,)/2]/s/W, where
i. and i, are, respectively, the currents at 0.0 V during the
cathodic and anodic sweeps, s the sweep rate, W the weight
of the total carbon materials in each electrode. The factor
of 2 accounts for the fact that each of the electrodes forms
one capacitor at the interface, and hence, there are two serial
capacitors in one cell.

3. Results and discussion

Some microstructural properties of the two carbonaceous
materials used in the present work are listed in Table 1. The
activated carbon, which hereafter will be referred to as
activated carbon (AC), is a locally supplied carbonaceous
material that was originally designed for use in water
treatment. It has a BET surface area of 1420 m* g~ ' which
is about seven times that of the CB component (VUL-
CAN® X(72, Cabot Corp., USA). In contrast, the CB has a
greater degree of graphitisation, as clearly indicated by
X-ray diffraction (XRD) patterns (Fig. 1). In spite of its very
large surface area, the AC alone exhibits little capacitance
(curve 1, Fig. 2), presumably due to its poor electronic
conductivity. On the other hand, the CB exhibits a specific
capacitance of 23.5and 14.2 F g~ " in | MKOH,q and 1 M
NaySOyaq), TESPEctively, at a sweep rate of 20 mV st
(Fig. 2).

Composite electrodes containing a CB gravimetric con-
tent, [CB], of 10, 25, 50, or 75 wt.%, respectively, were
examined. CV analysis shows that, in either electrolyte, the
composite electrodes exhibit anodic and cathodic traces
parallel to each other, characteristic of a capacitor (e.g.
curves 3 and 4, Fig. 2). A maximum capacitance is found

Table 1
Microstructural properties of tested carbonaceous materials

Sample type Activated carbon Carbon black

(AC) (CB)
BET surface area (m* g~ ")®* 1420 220
Average pore size by BET (nm) 3.6 6.1
Pore volume (cm® g’l) 1.2 0.34
Average crystallite size® (nm) 0.7 2.1

4 BET analysis was carried by using N, adsorption.

® Average crystallite size is calculated using Debye—Scherrer equation
based on full width at half-maximum intensity of X-ray diffraction (002)
reflection of graphite.

at [CB] = 25 wt.% for each sweep rate in the range 20—
200 mV s~ ' (Fig. 3a and b), irrespective of the electrolyte.
The maximum specific capacitances are 108 and 75 F g™
for 1M KOH(,q and 1 M Na,SOy,q), respectively, at a
sweep rate of 20 mV s~ ',

Plots of capacitance versus CV sweep rate are given in
Fig. 4. For the pure CB electrode, the specific capacitance
declines <20% as the CV sweep rate increasing by a factor of
10, from 20 to 200 mV s~ (Fig. 4a and b). This suggests
high electronic and ionic conductivities; the latter is due to
the large pore size of CB (Table 1). On the other hand, for the
composite electrodes, the capacitance declines much more
rapidly, at a rate (indicated by the slope of the declining
curve) that depends strongly on [CB] (Fig. 4a and b). The
declining rate is highest for [CB] = 10 wt.% and levels off
for [CB| > 25 wt.%. When the capacitance data of the
composite electrodes are subtracted by the amount equal
to the product of the capacitance of pure CB at the corre-
sponding sweep rate and its content, and then re-plotted,
the ‘CB-subtracted’ declining curves (Fig. 5a and b) for
[CB] > 25 wt.% overlap with one another but are distinctly
different from, that for [CB] = 10 wt.%.

Intensity

Fig. 1. XRD patterns of (1) activated carbon and (2) carbon black components of carbon composite electrodes, showing varied degree of graphitisation.

Marked reflections for graphite.
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Fig. 2. Voltammograms acquired at a sweep rate of 20 mV s~ for (1) activated carbon, (2) carbon black in 1 M KOH4), (3) composite electrodes containing
25 wt.% carbon black in 1 M KOH,g), (4) same composite electrodes in 1 M Na;SOy(aq).-

From the above experimental results, it is proposed that
the optimum [CB] for maximum capacitance arises mainly
from the conductivity percolation of the CB particles. With
[CB] < 25 wt.%, the CB particles do not percolate through-
out the entire electrode and only a portion of the AC particles
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Fig. 3. Effect of electrode composition on specific capacitance for composite
electrodes in (a) 1 M KOH(,q) and (b) 1 M Na;SOyaq).

contribute to the overall capacitance. In this case, the overall
capacitance increases with increasing [CB]. When percola-
tion is achieved with [CB] > 25 wt.%, however, the overall
capacitance decreases with increasing [CB] due to reduction
in the total surface area, as CB has a much smaller specific
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Fig. 4. Effect of CV sweep rate on specific capacitance for composite
electrodes in (a) 1 M KOH,q) and (b) 1 M Na,SOyaq). All capacitance data
have been divided by those acquired at 20mV s~ ' for corresponding
electrode composition and electrolyte.
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Fig. 5. ‘CB-subtracted’ declining curves for composite electrodes in (a)
1 M KOH,,) and (b) 1 M Na,SOy4,q). All capacitance data have first been
subtracted by amount equal to product of capacitance of pure carbon black
(CB) and its weight fraction in corresponding electrode, and then divided
by ‘subtracted’ capacitance for 20 mV s~ .

surface area than AC. Based on BET pore volume data
(Table 1), CB has a density about twice that of AC. This
translates the observed optimum CB gravimetric content,
viz. 25 wt.%, into an optimum volumetric fraction of
14.3 vol.%, which is actually close to the theoretical thresh-
old of the percolation volume fraction (~16 vol.%) for equal-
sized spherical particles [12]. The small difference may be
due to several factors, such as variations in particle size and
shape as well as the presence of voids and binder material.

The suggested concept of electronic conductivity perco-
lation is also consistent with the observed rate-dependence
of the capacitance shown in Figs. 4 and 5. This rate-
dependence arises mainly from two resistances, namely,
one associated with the electronic conduction of the elec-
trode and the other with the ionic conduction on the elec-
trolyte side within pores of the carbon particles. It is
suggested that for [CB] = 10 wt.%, i.e. below the percola-
tion threshold, both resistances contribute to the decline in

capacitance, and hence, the rate of decline is greater than for
the other electrodes. For [CB] above the threshold, the elec-
trolyte ionic resistance becomes dominant. This explains
why all the composite electrodes with [CB] > 25 wt.% show
almost the same declining behaviour after being corrected
for the CB contribution (Fig. 5a and b). The ‘subtracted’
declining curves in these cases account only for the effect of
ionic resistance.

4. Conclusions

Conductivity percolation is found to play a critical role
in determining the electrochemical capacitive behaviour
of a carbon—carbon composite electrode which comprises
a non-conductive activated carbon of large surface area and
a conductive CB of small surface area. The capacitance is
limited by electronic resistance on the electrode side when
the content of CB is below the threshold value, but is limited
by surface area as the threshold is exceeded. Maximum
capacitance can be obtained with a composition close to the
percolation threshold of the conductive phase.
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