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Abstract: Flexible strip supercapacitors are developed and their electrochemical properties are characterized. Activated carbon is
used as the electrode material and it is found to have a good porous structure which provides a large surface area for energy storage.
Furthermore, this activated carbon performs well. The manufacturing processes for the supercapacitors are described in detail and the
preparation process has good reproducibility. The strip supercapacitors are combined in series and parallel to measure their electrical
properties. The performances of these two samples in series or in parallel both follow the theoretical models. The electrochemical
potential window of a series circuit of these two strip supercapacitors is 4.8 V. The energy and power of the series or parallel circuits

are equal to the sums of the two strip supercapacitors’.

Keywords: Strip supercapacitors, activated carbon, flexible, energy storage, characterisation.

1 Introduction

The high demand for improved efficiency and sustain-
ability of energy systems in all aspects from generation up
to end users is motivating the research and development
of new storage systems and methods!* ~8l. Supercapacitors
(also named electrochemical capacitors or ultracapacitors),
as energy storage devices with high power density, long
cycle life and high reversibility, have been considered as
a promising high power energy source for delivering peak
power demands in portable electronic devices, electric vehi-
cles and emergency power supplies. Supercapacitors can be
generally classified into two types: 1) electrical double-layer
capacitors (EDLCs) whose capacitances arise from charge
separation at the electrode/electrolyte interface, such as
carbon-based supercapacitors[3_7], and 2) pseudocapacitors
whose capacitances arise from reversible faradic reactions
occurring at the electrode surface, such as transition metal
oxide supercapacitors®#. In EDLCs, the energy storage
relies on the accumulation of charge at electrodes purely by
electrostatics, and the charge is separated across the inter-
face between the electrode and electrolyte. Thus, porous
carbon materials, especially some activated carbons with
a very high specific surface area and a suitable microtex-
ture providing a high accessibility of electrolyte into the
inner surface, are widely used for the electrode materials of
EDLCs!*~ 7.

Supercapacitors can deliver higher power than batter-
ies and store more energy than conventional capacitors.
Future developments are moving toward thinner, lighter
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and cheaper devices.
pacitors are still too bulky and heavy for their intended
applications[g’ 0] It is a challenge to achieve highly effi-
cient miniaturized supercapacitors, such as flexible super-
capacitors, for good energy storage applications. Recently,
there are reports of the flexible supercapacitors!®=*%!, in-
cluding fibre supercapacitors using pen ink as the ac-
tive material[M], flexible energy storage devices based on
nano-composite papelr[s)]7 fibre supercapacitors using ZnO
nanowires as electrode'”) and all-solid-state flexible micro-
supercapacitor on a chip[ll]. In this work, flexible strip
shaped supercapacitors are designed, manufactured and
tested 9l

However, many existing superca-

2 Experimental

2.1 Preparation of EDLCs

According to the published working mechanism®, the
strip shaped supercapacitors are made by combining the
two porous electrodes, the filter paper separator and the
electrolyte solution, to make a strip supercapacitor as
shown in Fig. 1.

2.1.1 Electrode

The electrodes consist of a stainless steel strip current col-
lector (Fe/Cr18/Nil0/Mo3 with a thickness about 50 pm)
coated with active materials. The active materials of the
electrodes are prepared by mixing activated carbon (AC)
with a binder (carboxymethyl cellulose, CMC). An acti-
vated carbon slurry is made as follows: A certain amount
of CMC is added into water/ethanol (1:1) solvent at room
temperature with magnetic stirring overnight to give a
CMC concentration of 5%. 0.5g of the activated carbon is
added to the appropriate amount of CMC binder solution
with magnetic stirring for 8 hours to obtain a homogeneous
slurry with a 5% binder content (based on the total mass
of solids). The stainless steel strip is cleaned with acetone.
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The thickness of the coated slurry is controlled by using
a slot in plastic sheet of various thicknesses adhered to a
surface with double side tape. Slurry is coated on the ex-
posed surface of the stainless steel strip (3mm %100 mm)
using a sharp blade. The electrodes are dried after being
coated with the slurry at room temperature overnight, then
at 100 °C for 2 hours.
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Fig.1 The structure of a strip shaped EDLC

2.1.2 Manufacture the strip shaped supercapaci-
tors

The electrolyte is made as follows. A 1 mol/L solution of
tetrabutylammonium tetrafluoroborate (Ci16H3zsBF4N) in
propylene carbonate (C4HgOg)is made. The electrolyte is
dropped on the surface of the coated activated materials,
and these electrodes imbibed with electrolyte are kept un-
der vacuum for 0.5 hour. Meanwhile, the filter paper to be
used as a separator is wetted with the electrolyte.

2.2 Determination of capacitance

When a voltage is applied to an EDLC, opposite charges
accumulate on the surfaces of the electrodes. The electrodes
are separated by a separator to prevent short-circuits and
thus an electric potential is produced between the two elec-
trodes to achieve the function of energy storage. Capaci-
tance C is defined as the ratio of stored charge @ to the
applied voltage V as

dQ
av (1)

The performance of the strip shaped supercapacitors

C =

are measured by using standard cyclic voltammetry (CV)
and galvanostatic charge-discharge methods, which are also
widely used by other researchers!*®: 12> 14161
2.2.1 Cyclic voltammetry

A CV test is carried out by applying a positive (charging)
voltage sweep dV/dt (scan rate) in a specific voltage range
and then reversing (discharging) the voltage sweep polar-
ity immediately after the maximum voltage is achieved.
As shown in Fig. 2 (a), the electrochemical behaviour of a
strip shaped supercapacitor is evaluated based on the cor-
responding current response against the applied voltage.
From the figure, the capacitance, C'1, can be calculated
by

o Qtotal

Cl= "0 (2)
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where Qiota1 is the supercapacitor’s charge in coulombs,
which is measured by the CV system used. AV is the volt-
age between the device’s terminals in volts (V).
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(b) Galvanostatic charge-discharge curves of a strip shaped supercapacitor

Fig.2 Characterisation of a strip shaped supercapacitor

The capacitance, C2, can be also calculated from the
difference in the current at a point, usually the centre of
the potential increasing and decreasing curves.

Ai/2 i —i2|/2

2= Gvar = avyde

3)
where AT is the total current (|i1 —i2|) of the CV curve and
dV/dt is the voltage scan rate (V/s).
2.2.2 Galvanostatic charge-discharge

A galvanostatic charge-discharge test is the most pre-
ferred DC test performed on supercapacitors for perfor-
mance evaluation such as charge capacity and life span.
The measurement consists of two steps: charging a super-
capacitor at a constant current and discharging at a specific
voltage range or charge-discharge time (see Fig. 2 (b)). The
capacitance C'3 can be directly calculated by

1 X At

Ci=" .y (4)

where i is the discharge current in amperes (A) and AV is
the voltage of the discharge (V).
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C1,C2 and C3 defined in (2) — (4) above are three dif-
ferent approaches to the measurement of the same capac-
itance. They are used to measure the capacitance of each
sample.

Generally, the operating voltage is determined by the
kind of electrolyte used in the supercapacitor[Q’ 16,17
The rated voltage includes a safety margin against the
electrolyte’s breakdown voltage at which the electrolyte
decomposes or a chemical reaction will occur. Stan-
dard supercapacitors with aqueous electrolyte are normally
specified with a rated voltage of 1.0V, and the working
voltage of supercapacitors with organic solvents is about
2.5 V21617 1y this study, the electrolyte used is organic
(1 mol/L solution of tetrabutylammonium tetrafluorob-
orate (C16H3sBF4N) in propylene carbonate (C4HgO3)).
Therefore, the working voltage used for this kind of elec-
trolyte is about 2.4 V under the safety margin.

3 Results and discussion

3.1 Characterization of the activated car-
bon

Fig. 3 (a) shows the structure seen in scanning electron
micrographs of the electrode activated materials. It can be
seen that the size of the activated carbon particles ranges
from hundreds of nanometers to tens of microns, with an
average size of 20 microns. Fig. 3 (b) shows a magnified par-
ticle shown in Fig.3 (a). A typical porous structure of AC
materials can be observed. The diameter of holes on the
porous particle is about 100 nm. This microtexture of the
AC material will allow good electrolyte accessibility to the
inner surface of the carbon electrode. The porous struc-
ture also provides a large surface area for electrical charges
storage and is beneficial for the specific capacitance value
of EDLCs.

CV tests were conducted to characterize the electro-
chemical performance. All the cyclic voltammograms were
recorded by a two-electrode system with a voltage window
from 0 to 2.4V. Fig. 4 (a) reveals the CV curves of the su-
percapacitor at the scan rate from 5mV /s to 40mV/s. The
CV curves are close to a rectangle at the different scan rates
of 5mV/s, 10mV /s and 20mV/s. This result illustrates a
good electrochemical performance of the strip shaped super-
capacitors. Different behaviours are found at the highest
scan rate of 40mV/s. As shown in Fig. 4 (b), the capaci-
tances calculated by (2) and (3) show the same trend: The
capacitance decreases slightly with the increase of the scan
rate. When the scan rates rise to 10mV /s and 20 mV /s, the
capacitances are 0.2725 F and 0.2438 F, respectively. They
are almost equal to 80.7% and 72.2% of that measured
at 5mV/s. Even at the scan rate of 40mV/s, the capac-
itance is still 0.1917 F. The decrease of the capacitance at
the higher scan rates implies a reasonable rate performance
of the activated carbon.

Fig.3 The SEM images of activated materials layer
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3.2 Reproducibility of the manufacturing
process

In order to test if the manufacturing process for strip
shaped EDLCs is reproducible or not, four EDLC sam-
ples were made under the same conditions. The size of
the electrode is 3mmx 100 mm and the activated materi-
als thickness is 375 um. The binder content is 5% and
the electrolyte concentration is 1.0 mol/L. Figs.5 (a) and
(b) show the characterization results by cyclic voltamme-
try. The four CV curves are ideal, which illustrates that all
the strip shaped supercapacitors have a good electrochem-
ical performance and there is little or no faradic reaction
in the tested voltage range. The areas of these CV curves
are similar (Fig. 5 (a)). Therefore, the capacitances calcu-
lated from the CV curves (C1 and C2) vary only slightly
(Fig.5 (b)). The capacitances were also calculated from the
charge/discharge curve (C3). Although the capacitance of
each sample is measured by different approaches, C'3 shows
the same trend as those calculated from the CV curves (C1
and C2). These results show that the manufacturing pro-
cess for the strip shaped EDLCs described above has a good
reproducibility.
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Fig.5 Electrochemical performance characteristics of four sam-

ples with the same conditions
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The average energy density and power density calcu-
lated for the four supercapacitors are about 8 Wh/kg and
500 W /kg, respectively. The normal energy density and
power density of battery, electrostatic capacitor (normal
capacitor) and supercapacitor are shown in Table 10331,
The energy density of the strip shaped supercapacitor de-
veloped in this study is less than that of the battery (10-
100 Wh/kg) but much higher than that of the normal capac-
itor (< 0.1 Wh/kg), and its performance is on the top end
of supercapacitors[3]. The specific power density is more
than that of battery (50-200 W /kg), and less than that of
normal capacitor (>10000 W /kg).

Table 1 Comparison of the properties of battery, electrostatic
capacitor, electrochemical capacitor and the strip

supercapacitor developed in this work

Electrochemical Strip
Electrostatic . supercapacitor
Battery ) capacitor .
capacitor (Supercapacitor) developed in
this work
Specific
energy 10—100 < 0.1 1-10 8
(Wh/kg)
Specific
power 50—200 > 10000 ~ 1000 500
(W/kg)

3.3 Combination of the strip shaped su-
percapacitors

Different combinations of supercapacitors in series or par-
allel are useful to obtain desired operating voltage and en-
ergy, so the supercapacitors can be used in a wide range of
applications. To exploit the applicability and stability of
the combinations of multiple strip supercapacitors, the per-
formance of two strip supercapacitors and their electrical
combinations in series and parallel were examined. Fig.6
shows the CV curves of two single strip EDLCs (samples
a and b) and their series and parallel combination circuits.
The working potential of the two strip EDLCs in parallel is
the same as the working potential of the individual single
samples, and half of that of samples in series which is ex-
tended to 4.8 V. The area of CV curve of the parallel circuits
is close to the total area of the two samples a and b. The
area of CV curve of the series circuits would be half of the
total area of these two samples. The capacitances calculated
by (2) from the CV curves are shown in Table 2. The capac-
itance of the parallel circuits is 0.395 F', which is slightly less
than the sum of the capacitances (0.407 F) of the two indi-
vidual samples. The capacitance of series circuits is 0.094 F,
which is almost the same as the theoretically expected se-
ries capacitance of 0.098 F. These results illustrate that the
electrical properties of the series and parallel combinations
of the EDLCs show a good agreement with the theoretical
models of series and parallel circuit combinations.
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Fig.6 Cyclic voltammograms recorded at 20 mV /s for two sin-
gle strip supercapacitors and their electrical combinations in se-

ries and parallel

Table 2 Electrical series resistances (ESRs) from Nyquist plots
and the capacitances from CV curve and galvanostatic
charge/discharge curve with the ESRs and capacitances

calculated using theory for series and parallel circuits

Capacitance (F)  Capacitance (F)

ESR ()
(CV) (GCD)
Experiment Theory Experiment Theory Experiment Theory
Sample a 0.165 0.194 9.3
Sample b 0.242 0.301 6.3
Series 0.094 0.098 0.136 0.118 15.8 15.6
Parallel 0.395 0.407 0.493 0.495 4.3 3.8

Fig. 7 shows the galvanostatic charge-discharge curves at
charge currents of 5mA for the two individual supercapaci-
tors and the series circuit and of 10 mA for the parallel cir-
cuit. The potential window of the parallel circuit is 2.4V,
the same as those of two single strip supercapacitors, and
half of the series circuit. As shown in Table 2, the ca-
pacitances of the different cases calculated by (4) from the
galvanostatic charge-discharge (GCD) curve show the same
trend as those calculated from CV curves. Nyquist plots of
the two single samples and the combinations in series or in
parallel are shown in Fig. 8. It can be seen that the shapes
of electrochemical impedance curves for the combination
circuits are similar to those of the single strip EDLCs. It
is observed that there is a sharp increase in the imaginary
part of the impedance at the lower frequencies. This trend
is consistent with a capacitive behaviour of an electrode.
Meanwhile, the semicircular loops shown at high frequen-
cies are probably associated with the porous structure of
the AC materials!*®!. The high intercept on the real axis
is the electrical series resistance (ESR), as shown in Table
2. The capacitance values obtained from the experiments
and theoretical calculations for the combinational models
of series or parallel resistive and capacitive circuits are also
given in Table 2. The capacitance of sample b is 0.242 F,
which is about 1.47 times the sample a’s capacitance. It is

easily found that the ESR of sample a is also about 1.48
times that in sample b. For the case of the series circuit,
the ESR is 15.8 2, which is very close to the sum of the
ESRs of the two samples a and b. The ESR of the parallel
circuit is about 4.3 2, which is slightly higher than the to-
tal theoretical ESR of the parallel circuits of samples a and
b. These results are close to the expected ones for the two
different circuits.
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Fig.7 Galvanostatic charge-discharge curves of the 3rd cycle of
each case (for single and series circuit, 5 mA is used; for the

parallel circuit, 10 mA is used)
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Fig.8 Electrochemical performances of two single strip super-
capacitors and their electrical combinations in series and parallel
using a 4mV AC modulation for a frequency range of 100 kHz
to 0.01 Hz

The energy (E) and power (P) of strip supercapacitors
can be calculated by[M]

1
E= 20V2 (5)
p=_F
tdischarge

(6)

where V' is the operating voltage and C is the capacitance of
the strip supercapacitors. The capacitance from the GCD
curve together with the energy and power based on this ca-
pacitance are shown in Fig. 9. The energies of samples a and
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b are 0.559 J and 0.867 J, respectively. The energy of the
two strip EDLCs in parallel is 1.420 J, which is very close to
the sum of the energies of the two samples (1.426 J), while
the energy of the two EDLCs in series has a slightly dis-
crepancy (1.567 J) for this trend. Furthermore, the power
of the two EDLCs in series is 0.0156 W, very close to that
of these samples in parallel (0.0154 W), which is very close
to the sum of sample a’s (0.0077 W) and sample b’s power
(0.0074 W).
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16 DNXYJ Series
|| B Parallel § §
12F
08t %
KKK
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N
00 KX
C,F E.J P (x100), W
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Fig.9 Energy, power and capacitance of two single strip super-
capacitors and their electrical combinations in series and parallel

calculated from galvanostatic charge/discharge curve

4 Conclusions

The flexible strip shaped EDLCs (3 mmx100 mm) were
successfully manufactured and characterized in this study.
The AC material used is porous and has a lot of holes with
an average size of 100nm, which allows good electrolyte
accessibility to the inner surface of electrode and also pro-
vides a large surface area for charge storage. This kind of
AC material also shows a good electrochemical scan rate
performance. The manufacturing process has a good repro-
ducibility. Two sample strip supercapacitors were combined
in series and parallel to assess their electrical property as
a power supplier. The performance of the series or par-
allel circuit showed a good agreement with the theoretical
models for series and parallel circuit combinations. The
strip supercapacitors can be used in various combinations
of series or parallel to obtain desired energy or power for
different applications. These narrow and thin strip super-
capacitors enable the further development of highly flexible
energy storage devices.
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