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Electrochemical double-layer capacitor (also called supercapacitor) is an electrochemical energy storage device
with a high power density, which could be used in application such as pulse power devices or electric vehicles. The
paper describes construction of an electrochemical double-layer capacitor that consists of two electrodes immersed
in an electrolyte with a separator between them. One electrode consists of a current collector in contact with the
active material, while the other one is a counter electrode. Commercially available activated carbon (AC) material,
composite RuO2 + AC and natural copper sulfides are used as the active electrode material. Characterization has
been performed by an electrochemical system fully developed at Technical Faculty in Bor. The system is based on
a PC P4, a commercially available ADDA converter and an external interface for analog signal processing. The
software platform is LabVIEW 8.2 package and application software is adapted to investigations of the systems

containing high capacitances.

PACS numbers: 82.47.Uv, 82.45.Fk, 82.80.Fk, 01.50.hv, 01.50.Kw, 01.50.Lc, 01.50.Pa

1. Introduction

Supercapacitors fulfill a very wide area between ac-
cumulator batteries and conventional capacitors taking
into account specific energy and specific power. Bat-
teries and fuel cells are typical devices of small specific
power, while conventional capacitors can have specific
power higher than 1 MW /dm3, but they suffer from low
power density and low cyclability (usually < 1000) [1-5].
Their specific energy capacity is limited by the break-
down field (Vum™1!) of their dielectric material. The
electrochemical double-layer capacitor (EDLC) has been
developed for these cases which need a large energy den-
sity (Wh kg™!), high power density (W kg=!), and long
cycle life (> 100000). The EDLC is a new type of capac-
itor offering new features intermediate between those of
a battery and a conventional capacitor.

Considering applying, there are four groups of super-
capacitors: (1) capacitors for supplying electronic con-
sumers, (2) filter capacitors, (3) power electronic capac-
itors, and (4) electric haulage capacitors. Depending on
applying place, different characteristics of supercapaci-
tors can be more or less taken into account. Some of
them are of crucial importance for capacitor choice, and
some of them can be of no importance at all.

First group includes capacitors for supplying electronic
consumers of small power and very low voltage (CMOS
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memories, watches, micro controllers, intelligent sensors,
etc.). They are most frequently produced as a miniature
cell of great capacitance. Crucial role at choice have cell
voltage, capacitance and self-discharging current. Inner
(serial) resistance is resistance of less importance.

Second group includes filter capacitors for obtaining
“ideally” filtered DC voltages. Apart from great capaci-
tance, cell voltage is of great importance for them, and
for achieving working voltage, it most frequently requires
serial connection of several cells. Self-discharging current
and serial resistance are practically of no importance.

Third group of supercapacitors in future will have great
application in power electronics complexes of medium
power, using for electrical energy reservoirs in transient
regime. There is an actual possibility to replace soon
massive inductivities, which are at the same time great
sources of electromagnetic disturbances. Used for those
purposes, supercapacitor must have great capacitance
and relatively great working voltage (implicating serial
cell connection and all problems related to that). Inner
resistance has to be rather small, and leakage current is
not of greater importance.

Most strict requirements are related to capacitors of
the fourth group, applied in electric haulage, i.e. for ve-
hicles of the future. Nowadays, batteries of several hun-
dreds farad capacitance with working voltage of several
hundred volts have been produced. Beside great capaci-
tance and relatively high working voltage, these capaci-
tors must have great specific energy and power (because
of limited space in vehicle). Considering their specific
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power, they have great advantage in relation to accumu-
lator batteries, but, on the other side, they are incompa-
rably weaker considering specific energy.

Hence, ideal combination is parallel connection of ac-
cumulator and condenser batteries (Fig. 1). In an estab-
lished regime (normal drawing) vehicle engine is supplied
from accu-battery, and in the case of rapidly speeding,
from supercapacitor. A very important is the fact that
in the case of abrupt breaking, complete mechanical en-
ergy could be taken back to system by converting into
electrical energy only in the presence of supercapacitor
with great specific power. Because of mentioned rea-
sons, inner resistance of these supercapacitors has to be
extremely small. Leakage current is not of essential im-
portance. Vehicles with such drive are not still in wide
use, and the reasons for that are for sure economic.
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Fig. 1. Scheme of electrical drive vehicle with superca-
pacitor, with possibility for using the breaking energy,
B — DC voltage source; SC — supercapacitor; DC/DC
— one-way voltage converter; R — regulator; M-G —
engine—generator (depending on working regime; W —
drive wheels).

Critical component at each hybrid or pure electrical
vehicle presents electrical storage. Supercapacitors are
nowadays the only available technology, which can pro-
vide great specific power (over 1 kW /kg) and great num-
ber of cycles at reasonable price, and safe and reliable
work. Supercapacitors have other characteristics that
make them attractive in hybrid vehicles, such as pos-
sibility of complete energy using (so-called regenerative
breaking) for increasing energy efficiency, with no addi-
tional maintenance, great recovery of electrical energy,
little toxicity and easy disposal after usage.

2. Experimental
2.1. Construction

The EDLC consists of two electrodes that are im-
mersed in an electrolyte with a separator between them.
The electrode consists of a current collector in contact
with the active material. In EDLCs, the energy stor-
age arises mainly from the separation of electronic and
ionic charges at the interface between high-area electrode
material and the electrolyte solution. In the EDLC,
this charge separation distance, d, is reduced to the
Helmholtz double-layer dp thickness, which is defined as
half the diameter of the adsorbed solvated ions at the
electrode/solution interface [6].

A pilot supercapacitor has been made using commer-
cially available activated carbon (AC) material, compos-
ite RuOs + AC and natural copper sulfide minerals as
the active electrode material. Inactive part is watered
by araldite mass. The connection of the mineral with
current supplier is achieved with conducting silver glue.
A supercapacitor prototype was made according to the
sketch in Fig. 2. Nafion® Membrane N 115 (5 nm thick)
(TIon Power, Inc.) played the role of separator, and it was
soaked with a chosen electrolyte.
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Fig. 2. Construction of the supercapacitor prototype.

2.2. Active materials
2.2.1. Carbon

The electrode material should be electrochemically in-
ert in the working potential, which is limited by the de-
composition potential of the electrolyte.

Carbon material, such as carbon nanotubes and AC are
very attractive as electrode materials in the EDLCs due
to their large specific surface area and low mass density
[7—10]. It is well known that the double layer capacitance
on a clean graphite surface is fixed at around 20 uF cm~2.

Multiwalled (MWNT) and single walled (SWNT) nan-
otubes are well adapted to allow the electrolyte accessi-
bility because of their morphology, high specific surface
area and good mechanical properties.

2.2.2. Ruthenium ozide

Ruthenium oxide, RuO., is a well-known electrode ma-
terial with excellent electrocatalytic features for many
electrochemical processes. While the anhydrous, crys-
talline rutile RuOs is a metallic conductor, hydrous
ruthenium oxide exhibits mixed electron/proton conduc-
tivity, which makes it a promising candidate for the use
in energy-storage devices, such as electrochemical super-
capacitors and direct methanol fuel cells (DMFCs) [11].

Hydrous ruthenium oxide is of amorphous structure
consisting of more or less ordered RuOg octahedra, de-
pending on water content and temperature treatment.
The specific capacitance of this material was reported to
be as high as 720 F g~! and it is strongly dependent on
the degree of ordering and crystalline water content.

The capacitive performances of hydrous ruthenium ox-
ide can be improved if its pseudocapacitance is combined
with double layer capacitance of carbon blacks. This can
be done by preparing the carbon-supported RuO,H,.

2.2.3. Copper sulfide minerals
Numerous results of electrochemical researches on cop-
per sulfides (covellite, CuS and chalcocite, CusS) can be
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found in the literature, but non referring to the material
as a potential electrode material for capacitors. Inves-
tigation of behaviour of copper sulfide minerals during
their anodic polarization and modeling of these reactions
were performed at Technical Faculty in Bor. It was es-
tablished that equivalent electrical circuit must contain
very high capacitances, indicating a possibility of using
copper sulfide minerals for electrochemical supercapaci-
tor electrodes [12].

2.8. The system for electrochemical characterization

Electrochemical investigation methods are widely used
for characterization of different kinds of materials, as well
as of the processes in systems where the electrochemi-
cal reactions take part. There is a series of well known
methods, but some new methods from electrotechnical
area have been introduced [13]. So, first of all it was
given an overview of the standard electrochemical meth-
ods and parameters, beginning with potential measure-
ment and simple methods, such as chronopotentiometry
and chronoamperometry, till electrochemical impedance
spectroscopy. The last named method is adapted for sys-
tems containing large capacitances that became actually
with the appearance of electrochemical supercapacitors.
New methods are the Dirac voltage excitation and the
Dirac current excitation. Measurement system described
here allows application of electrochemical methods, as
follows: measuring open circuit potential, chronopoten-
tiometry, chronoamperometry, galvanostatic method, po-
tentiostatic method, the Dirac voltage excitation, galvan-
odynamic method, cyclic voltammetry and electrochem-
ical impedance spectroscopy.

For signal generation and data acquisition it was de-
veloped a measuring and control system based on PC
Pentium 4. Beside PC, hardware consists of ADDA con-
verter and external interface for analog signals condition-
ing. ADDA conversion is performed using commercially
available NI 6251 converter from National Instruments,
M series high-speed multifunction data acquisition. They
have an onboard NI-PGIA2 amplifier designed for fast
settling times and high scanning rates, ensuring 16-bit
accuracy even when measuring all channels at maximum
speeds.

Measurement interface has been designed for the needs
of the electrochemical investigations by controlled cur-
rent or voltage excitation and response registration.

The software platform for predicted measurement
methods was National Instruments LabVIEW 8.2 pack-
age, which is regarded as a high standard in the area of
modern virtual instruments. In LabVIEW, one builds a
user interface by using a set of tools and objects. The
user interface is known as the front panel. As an example,
the description, as well as front panel has been showed
for the electrochemical impedance spectroscopy.

2.3.1. Electrochemical impedance spectroscopy

In this method, before any measurement was done, on
the outlet there has been put the direct (DC) voltage to
last long enough in order to achieve a stationary regime,

and then the current measurement can be started as a
response to a complex excitation (superimposed alter-
nating voltage of an order of magnitude millivolts on DC
level up to 10 V). The assigned parameters are: open
circuit potential, Foc, direct voltage, Epc, and time of
the regime duration, t,.

After the DC regime expires, the initial WHILE loop
starts, in which the current value of the alternate voltage
of the assigned amplitude Ey,ac and the calculated fre-
quencies (block DAQmx Write), the channel (AOCHI)
have been generated. The frequency is calculated in the
external loop according to octaves, in relation to the as-
signed values starting from fiin to fmax-

The lowest frequency can be 1 yHz necessary for sys-
tems with high capacitances. The generated alternating
voltage is being superimposed with already installed DC
voltage and they both make together the excitement of
the electrochemical system.

The current response, which in the pseudo stationary
regime has also got the sinusoidal shape with a DC com-
ponent, is measured on the analog input channel, be-
ing averaged, converted into an array and led in a block
Array Max&Min. On the base of this block it is pos-
sible to calculate the average maximal value of the su-
perimposed component of the voltage excitation so that
the outcome is the module of system impedance which
is memorized and graphically displayed as a function of
the logarithm of the frequency — Bode’s diagram of an
impedance (Fig. 3).
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Fig. 3. Front panel for electrochemical impedance
spectroscopy.

3. Results and discussion
3.1. Carbon

The starting material was activated carbon [Ak-
tivkohle (zur Analyse), by MERCK], which was used as
the base material for building the supercapacitor. In or-
der to prepare supercapacitor electrodes, a mixture of
activated carbon and the polymer binder — polyvinyli-
dene difluoride (PVDF) — in weight ratio 10:1 was mixed
in automatic mill for 30 min. The given composite was
then soaked with acetone in order to give a paste.
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A mixture with the activated carbon:PVDF (ratio 5:1)
has been prepared, too. The mass of activated substance
in each electrode was 160-200 mg. The electrodes were
dried 24 h at room temperature and the dried electrodes
were soaked in 3 M H>SO, solution in vacuum vessel for
5 min at the presure of 5 kPa and another 10 min under
the presure of 72 kPa. The electrodes’ capacitance was
measured by making an EDLC cell. All the experiments
were performed at room temperature.

Cycle voltammetry and galvanostatic charge/discharge
measurements were used to investigate the capacitive
performance of supercapacitors.

The results obtained with composite of the AC:PVDF
ratio 5:1 showed that this system had large series resis-
tance, so the other experiments were realized only with
the samples of the AC:PVDF ratio 10:1. The active elec-
trode in one of investigated EDLCs was made just with
activated carbon material soaked in 3 M H>SO,4 solution
to form a paste.
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Fig. 4. Cyclic voltammogram (first cycle) of the capac-
itor built from carbon; the scan rate: 5 mV/s.
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Fig. 5. Cyclic voltammogram (first cycle) of the capac-
itor built from carbon/PVDF mixture; the scan rate:
2 mV/s.

Since the time constants of examined electrochemi-
cal systems were high, the standard cyclic voltammetry
method at a low sweep rate was applied. A series of
experiments was carried out on various electrochemical
systems with varying sweep rate in order to determine the
optimum working conditions. Figures 4 and 5 show the
cyclic voltammograms obtained at scan rate of 5 mV/s
and 2 mV /s for the capacitor built from activated car-

-0.04
-0.06 |
— -0.08
-0.1 -
-0.12 |
-0.14 |
-0.16 -
-0.18
-0.2 T T T

1 1.
t[s]

5

Fig. 6. Galvanostatic charge/discharge of the capaci-
tor built from carbon; current of £10 mA.

Fig. 7. Galvanostatic charge/discharge of the capaci-
tor built from carbon/PVDF; current of £50 mA.

bon and for the capacitor built from carbon/PVDF and
mixture, respectively.

The shape of the curves presented in Figs. 4 and 5 sug-
gests a nearly ideal behaviour of those types of capacitor.
It is clear that the CV shapes were well defined with the
large loop surface area. The specific capacitance for the
capacitor presented in Fig. 4 was nearly 100 F /g, and for
capacitor presented in Fig. 5, the capacitance was nearly
200 F/g.

The results of galvanostatic charge/discharge measure-
ments are presented in Figs. 6 and 7. Calculated re-
sistance was about 4 € for capacitor made by carbon

Fig. 8.

Cyclic voltammograms of the capacitor built
from carbon and Nafion 115 as a separator; scan rate of
5 mV/s.
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(Fig. 6), and 3.5 Q for capacitor made by carbon/PVDF
mixture (Fig. 7).

Cyclic voltammograms (four cycles obtained after gal-
vanostatic investigations) of a capacitor built from car-
bon and Nafion 115 as separator are presented in Fig. 8.
It can be noticed that during the cycling, the values of
current are lower in every next cycle.

3.2. Composite RuOy + AC

Ruthenium oxide-based supercapacitors were first de-
veloped in the late 1970s by Conway in collaboration with
Craig of Continental Group Inc. [14]. More recent work
has been focused on the development of electrode struc-
tures and composites to take the best advantage of the
high-specific capacitance of hydrous Ru oxide. In view
of the dificulties in maintaining the specific capacitance
of Ru oxide at high-electrode loading, there have been
numerous studies of Ru oxide composites with various
types of carbon [15]. Pani¢ et al. [11] investigated the
influence of the carbon black support on the composite
capacitive properties comparing the data obtained with
BP and XC carbons.
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Fig. 9. Cyclic voltammograms of the capacitor built
from (RuO: + AC)/PVDF mixture; scan rate of
5 mV/s.

The method of electrodes preparation was the same as
in the case of AC/PVDF mixture, but the active mate-
rial was the composite RuOy + AC and the composite:
PVDF ratio 10:1. The cyclic voltammogram obtained at
scan rate of 5 mV/s is presented in Fig. 9. Calculated
capacitance is about 50 F /g and the system shows better
cycleability than other materials.

8.8. Copper sulfide minerals

The next material were the samples of natural copper
minerals covellite and chalcocite from Bor copper mine
and “white-matte” — the inter-product in copper produc-
tion, chemically similar chalcocite. Having performed a
series of experiments it was found out that chalcocite
showed the best features as a potential electrode mate-
rial for supercapacitors, subsequently, it was thoroughly
explored. From the examination by the EIS method it

was obtained a capacitance of 29.9 F for chalcocite in
1 M HySO4+ 0.1 M CuSOy4 and 65.8 F in 1 M HSO4 +
0.5 M CuSOyq [7].

Fig. 10. Cyclic voltammograms of covellite in 1 M
H2SO4+ 0.05 M CuSO4 + 0.05 M Na2SOy; scan rate
of 500 mVs™*.

Fig. 11.
sample before (a) and after (b) the application of gal-
vanostatic impulse of 0.5 mA for the duration of 80 s in
1 M H2SOy4 electrolyte.

Electronic microscopy pictures of the covellite

The covellite electrode was examined in various elec-
trolytes but the majority of experiments were done in
aqueous solutions of sulfuric acid varying in concentra-
tion, with or without the addition of copper sulfate. Fig-
ure 10 presents a series of voltammograms obtained in
1 M HySO4 + 0.05 M CuSOy4 + 0.05 M NaySO4 solution
by cycling with the sweep rate of 500 mVs~!. It can be
seen that the voltammetric current shows a steady de-
crease with the increase of cycle numbers. The existence
of a compact solid reaction product remaining on the
electrode surface may be considered as the main reason
of that decrease. That product causes a slow diffusion in
solid state, which leads to the increase of serial resistance
and controls further reaction. Capacitance calculated
from the first loop surface area is around 0.034 F cm ™2
(electrode active surface area is 0.18 cm™2).

The polished surface of the material was analyzed
by electronic microscopy before (Fig. 1la) and after
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(Fig. 11b) the application of galvanostatic impulse of
0.5 mA for the duration of 80 s in 1 M H>SOy4 electrolyte.

Uniform surface of the non-treated sample confirms its
high purity concerning natural mineral; natural miner-
als usually contain some impurities like quartz or pyrite.
Some product appeared on the treated electrode surface
during the anodic process. The structure of this product
may be considered as the main reason of such high capac-
itance found out at covellite and other copper minerals.

4. Conclusions

The EDLCs are a new type of capacitors offering new
features intermediate between those of batteries and con-
ventional capacitors. Characteristics, applications, con-
struction and system for electrochemical characterisation
are described in the paper.

Presented results are obtained with the elec-
trodes made of commercially available AC material,
RuO; + AC composite and natural mineral covellite.

Characterization has been performed by an electro-
chemical system fully developed at Technical Faculty in
Bor. The system is based on a PC P4, a commercially
available ADDA converter and an external interface for
analog signal processing.

Described results at this developed electrochemical ca-
pacitors are comparable with results in other laboratories
in the world. PC based measurement system developed
by authors is fully confirmed.
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