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Abstract: With increasing demand for high power
electronic devices with ever-decreasing size, thin film
supercapacitors are of great interest especially for on-
chip energy storage, flexible and wearable electronics.
This work presents a detailed study on how pore size and
distribution of the pm thick self-supporting carbon thin
film electrodes effect specific capacitance and frequency
response behavior. It was shown how tuning the
electrode properties can produce supercapacitors for a
whole range of specific applications.
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1. INTRODUCTION

The energy storage field has witnessed a
dramatic expansion in the last decade and great attention
has been focused on supercapacitors (SCs). SCs fill in
the gap between batteries and conventional capacitors.
Batteries store large amounts of energy but deliver it
slowly; SCs can deliver energy faster, but only for a
short time. SCs have longer cycle-lives and can be both
rapidly charged and discharged at grate power densities
[1]. While the energy density of SC is very high
compared to electrostatic and electrolytic capacitors, it is
still lower than that of batteries and fuel cells. Coupling
SC with batteries (or other power source) is required for
supplying energy for longer periods of time [2]. This
coupling makes use of the high energy density of
batteries and the high power density of SCs.

These features have generated great interest for
the application of SC in a vast and growing range of
applications and make these devices of particular interest
in energy-storage applications like fast charging of
electric vehicles, regenerative braking, medical devices,
universal power supply applications, elevators, etc. [1]-
[3]. The recent technological trend towards continuous
miniaturization of devices has increased the need for new
energy storage units. The integration of energy-storage
components, batteries and supercapacitors, often limits
the miniaturization of systems because the necessary
energy storage components scale down in size poorly.
Micropower systems are essential for the future
development  of  maintenance-free implantable
biosensors, remote and mobile environmental sensors,
nanorobotics, etc. The rapid development of miniaturized

portable electronic devices has increased the demand for
compact on-chip energy storage, flexible and wearable
electronics [3], [4].

A great deal of effort is directed at research on
materials that might combine the high energy density of
batteries with the long cycle life and short charging times
of SCs [3], [5], [6]. Increasing the energy density of SCs
usually comes at the cost of losses in cyclability or
power, which are the most important properties of SCs
and without which they become average batteries.
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Fig. 1. Shematic representation of a supercapacitor.
(1) current colector, (2)porous carbon electrode
(3) electrolite and (4) porous membrane.

Fig. 1 represents a schematic illustration of a
conventional SC cross-section. A SC consists of two
porous activated carbon electrodes impregnated with
electrolyte and separated by a porous membrane which
acts as an insulator. When voltage is applied to the SC
terminals, positive and negative ionic charges from the
electrolyte accumulate at the surface of the electrode and
form an electrical double layer at the interface between
the electrode and the electrolyte. The energy storage
mechanism can be viewed as primarily electrostatic. This
mechanism is very fast because it simply involves
movement of ions to and from the electrode surface [1].

The reason for a large capacitance of SCs can
be seen from the capacitance equation:
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where £, and &;are the electrolyte dielectric constant

and the permittivity of vacuum. A is the surface area of
the carbon electrode and d the thickness of the double
layer. For SC electrodes porous carbon materials with




huge surface areas, in the range of 1000-2000 m?/g, such
as activated carbons or carbon nanotubes are used [6].
The thickness of the double layer is in molecular

dimensions, in order of Angstréms (1 A =107 m) [1].
Dividing the huge electrode surface area with molecular

thickness of the electrical double layer produces
enormous capacitances of SCs.
One of the most important internal

characteristics of a SC is the porous nature of its
electrodes. The aim of this study is to show the impact of
macro, meso and micro pores on the capacitance. The
macro pores have a diameter greater than 50 nm, meso
pores are greater than 2nm and less than 50 nm in
diameter, the term 'microporosity" refers to pores smaller
than 2 nm in diameter.

A notable improvement in performance has
been achieved through recent advances in understanding
charge storage mechanisms and the development of
advanced nanostructured materials. The discovery that
ions desolvation occurs in pores smaller than the
solvated ion shell has led to higher capacitances using
carbon electrodes with ultra micropors (diameter <1 nm)
[31. [5]. [7]-

SCs have nearly unlimited cyclibility and
enormously high power densities. However, their energy
density should be significantly improved to make them
competitive in applications, where batteries are currently
used. Optimization of the electrode material is the key
step to increasing both gravimetric and volumetric
capacitance of the SCs. To achieve a high capacitance
electrode materials that have high surface areas are
required. Because most of the traditional electrode
materials with high surface areas come in powder form,
they have to be mixed with polymeric binder and
conductive additives. Introducing these inert electrode
materials reduces significantly the surface area available
for charge storage, reduces the gravimetric capacitance
and increases electrode and contact resistance [2], [6].

Self-supported carbon thin films, compared
with traditional electrode materials, reduce volume
among particles and increase effective surface area,
which causes a substantial increase in volumetric
capacitance [8]. Decreasing electrode thickness can
increase the utilization of electrode surface area in
electrochemical reactions and decrease the resistance of
ionic and electronic conduction. Thin film electrodes are
especially promising for flexible electronics applications
[4], [6].

The self-supporting thin film carbon electrodes
developed in our lab allow precise fine tuning of the
microstructure and porosity [8]. SCs made using these
thin film electrodes provide a good model system to
study the effect of different properties on the
electrochemical behavior of SCs. For longer discharge
times, where energy density is needed, narrow pores than
1 nm provide high volumetric and areal capacitance. For
pulse power applications longer activation time produced
bimodal texture resulting in fast electrochemical
response.

2. EXPERIMENTAL

A novel self-supported porous carbon thin film
for SC electrodes has been developed starting from
commercial 25 upm thick polyimide film (Kapton,
DuPont). Carbonization and activation in CO;
atmosphere up to 1203 K was performed in a one step
process. At the beginning of activation (the first step of
pore formation), only micropores are created in the dense
surface region with average pore diameter below 1nm,
resulting in maximum volumetric capacitance [8]. Due to
the presence of unreacted core material gravimetric
capacitance is low during the first stage of activation.
After prolonged activation (the second step of pore
formation), the dense surface region is burned off and
mesopores start opening in the core material, producing
bimodal microporous and mesoporous structure, leading
to the high gravimetric capacitance with faster
charge/discharge rates. With this simple preparation
technique it is possible to fine tune textural and
capacitance properties (high capacitance or high rate
capability), for certain applications.

In this study two types of carbon electrodes
with different porosity and surface area were chosen and
further investigated: carbon thin films which are mostly
microporous (MP) and carbon thin films with a bimodal
(BP) meso and micro porosity.

All the experiments were performed in a two
electrode cell with glassy carbon current collectors. The
electrolyte used was 6M KOH. Also a commercial
battery separator was used. Electrical characterization of
our thin film capacitors were performed using Gamry
Interface 1000 Potentiostat/Galvanostat. The techniques
used were cyclic voltammetry, electrochemical
impedance spectroscopy (EIS) and constant current
charge/discharge.

In cyclic voltammetry, the electrode potential
ramps linearly versus time. This ramping is known as the
experimental scan rate (V/s). Cyclic voltammetry tests
were conducted at scan rates of 10 mV/s and 100 mV/s
within a window of 0 V to 0.8 V. This voltage window
was selected in order to remain far from the
decomposition voltage of the electrolyte. EIS testing is
an effective method to measure and analyze the
parameters of SCs. In the EIS experiment, the cell is
brought to the desired state of charge and a sinusoidal
voltage is applied to the cell at a well-defined frequency.
The resulting current response is recorded and it gives
information regarding the electrochemical response of
the system at that frequency. The frequency range
studied was 100 kHz to 10 mHz. The signal amplitude
applied was 10 mV.

3. RESULTS AND DISCUSSION

Cyclic voltammetry is a test method commonly
used by electrochemists in order to investigate the
properties of electrodes. This test is useful to validate the
capacitive behavior, to investigate the symmetry between
the charge and discharge process, and to determine SC
limits. Fig. 2 shows cyclic voltammograms of the two
investigated SCs for scan rates 10 mV/s and 100 mV/s.
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Fig. 2. Cyclic voltammograms at scan rate of a)10 mV/s
and b) 100 mV/s for microporous (MP) and bimodal
(BP) carbon thin film SCs.

Figure 2.a shows that both curves have a similar
shape. The MP SC displays higher current and given that
the electrode area for both MP and BP SC is the same,
the MP SC has a larger areal capacitance, Table 1. Under
the slow scan rate of 10 mV/s the electrolyte ions are
able to reach deep inside micropores of MP SC giving a
high capacitance [5], [7], [9]. Areal capacitance is much
more important for thin film SCs then gravimetric
capacitance [10].

According to the experiments, when the fast
scan rate of 100 mV/ s is used (Fig. 2.b) the BP capacitor
shows a fast charging/discharging response, and the
capacitance decrease is only 16%. On the other hand, the
MP capacitor shows a slow charging/discharging.
Because of the slow ion transport in micropores, ions
from the electrolyte cannot diffuse into the micropores
by the time each fast cycle is completed [5], [7], [9].
Therefore, the capacitance of the MP SC decreases by
53% with increasing of the scan rate from 10 to 100
mV/s.

Table 1. Cyclic voltammetry results and arial density for
MP and BP electrode supercapacitors.

MP BP

C. (Flcm?) 0.34 0.25

10mVis ¢ TErg) 102 134

C. (Flcm?) 0.16 0.21

100mVIs - ¢ e 43 113

pa (Mglcm?) 3.37 1.85
AC/C (%) 53 16

Fig. 3 represents the constant current charge
discharge curves for the normalized current of 1 A/g.

The diagrams show similar shape for both of the
investigated capacitors, but taking into account the
difference in electrode material density, Tablel. If we
were to normalize the discharge current by the geometric
electrode area the superior performance of the MP
electrode would be evident at lower current densities.

Fig. 4 presents the Nyquist plots of two
investigated SCs, a number of important conclusions can
be drawn from the impedance plots. At high frequencies,
plots intercept the real axis, this is the SCs equivalent
series resistance. At low frequency, the imaginary part of
the impedance increases and the plot tends to a vertical
line. The deviation from the theoretical vertical line,
which stands for the ideal capacitive behavior, increases
as the pore size decreases [9].

Between these two states the SCs behave like a
resistance-capacitance transmission line [1], [7]. In this
middle frequency range, the influence of electrode
porosity is dominant. This middle region corresponds to
a transition domain where the penetration of the
electrolyte into the depth of the porous carbon network
can be seen [9]. From EIS measurements, not only the
ionic resistance inside the porous structure of the carbon
but also the capacitance frequency dependence can be
seen. This is an important characteristic of the SC since it
must deliver high power for short-time pulses. This
penetration of electrolyte into the porous electrode shifts
the low-frequency capacitive behavior along the real axis
toward more resistive values. The crossing from the
middle frequency range to the low-frequency vertical
line is defined as the ““‘impedance knee’” [1].
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Fig. 3. Constant current charge and discharge curves for
current of 1A/g for microporous (MP) and bimodal (BP)
carbon thin films.

EIS results give valuable insight into the role of
pore size on the frequency response of porous carbon
thin films. In the low frequency domain, the huge
increase of the imaginary part of the impedance
corresponds to the capacitive behavior linked to the ion
adsorption in the whole porous carbon network. In the
middle frequency range the electrolyte penetration into
the carbon porosity can be seen. However, for the MP
capacitor, it can be seen that the capacitive behavior at
low frequency is shifted to higher series resistance
compared to the BP capacitor. The limitation of the ion
transport inside the pores increases the series resistance
of the MP electrode and the power performance of the
system is affected.
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Fig. 5. Nyquist plot for the MP and BP supercapacitor in
the frequency range 10 mHz — 100 kHz. Insert:Magnified
high frequency region.

4. CONCLUSION

Thin film SCs show grate promise for a broad
spectra of applications from compact on-chip energy
storage to flexible and wearable electronics. In this
paper, two SCs with thin film activated carbons
electrodes, with different porosity, were tested and
electrochemically characterized. One is predominantly
microporous with average pore diameter of less the 1 nm
(MP), while the other type of electrode has a bimodal
(micro and meso porous) structure (BP).

Cyclic voltammetry and constant current charge
discharge measurements on SC cells have shown
important differences between the materials tested. Due
to its microporous structure the MP SC shoves large
areal capacitance but due to hindered ion diffusion into
the microporous structure, with increasing scan rates and
discharge currents, the capacitance decreases. On the
other hand the BP SC has lower areal capacitance but
due to the presence of mesopours it does not decrease
with increasing scan rate. Electrochemical impedance
spectroscopy measurements tend to confirm this type of
behavior.

These findings should also permit the design of
application specific SCs: for longer discharge times
where energy density is need, extremely narrow pores
should prove optimal, but for pulse power applications,
increasing the pore size might be beneficial. Further
tuning the carbon porosity and designing carbon
materials with a large volume of narrow but short pores
may allow both energy and power characteristics to be
improved.

ACKNOWLEDGMENTS

The authors would like to thank the Ministry of
Education, Science and Technological Development of
the Republic of Serbia for supporting this work through
projects: 01172045, 111 45006, TR32048 and TR33020.

5. REFERENCES

[1] B. E. Conway, Electrochemical Supercapacitors:
Scientific  Fundamentals and  Technological
Applications. Springer Science & Business Media,
2013.

[2] R. K6tz and M. Carlen, “Principles and applications
of electrochemical capacitors,” Electrochim. Acta,
vol. 45, no. 15-16, pp. 2483-2498, May 2000.

[3] M. Beidaghi and Y. Gogotsi, “Capacitive energy
storage in micro-scale devices: recent advances in
design and fabrication of micro-supercapacitors,”
Energy Environ. Sci., vol. 7, no. 3, p. 867, Feb.
2014.

[4] M. F. El-Kady and R. B. Kaner, “Scalable
fabrication of high-power graphene micro-
supercapacitors for flexible and on-chip energy
storage.,” Nat. Commun., vol. 4, p. 1475, Jan. 2013.

[5] J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P.
Simon, and P. L. Taberna, “Anomalous increase in
carbon capacitance at pore sizes less than 1
nanometer.,” Science, vol. 313, no. 5794, pp. 1760-
3, Sep. 2006.

[6] P. Simon and Y. Gogotsi, “Materials for
electrochemical capacitors.,” Nat. Mater., vol. 7, no.
11, pp. 845-54, Nov. 2008.

[7] J. Chmiola, G. Yushin, R. Dash, and Y. Gogotsi,
“Effect of pore size and surface area of carbide
derived carbons on specific capacitance,” J. Power
Sources, vol. 158, no. 1, pp. 765-772, Jul. 2006.

[8] Z. Lausevi¢, P. Y. Apel, J. B. Krsti¢, and 1. V.
Blonskaya, “Porous carbon thin films for
electrochemical capacitors,” Carbon, vol. 64, pp.
456-463, Nov. 2013.

[9] P. L. Taberna, P. Simon, and J. F. Fauvarque,
“Electrochemical Characteristics and Impedance
Spectroscopy Studies of Carbon-Carbon
Supercapacitors,” J. Electrochem. Soc., vol. 150, no.
3, p. A292, Mar. 2003.

[10]Y. Gogotsi and P. Simon, “True Performance
Metrics in Electrochemical Energy Storage,” Sci.
Mag., vol. 334, pp. 917-918, Nov. 2011.



	1. introduction
	2. EXPERIMENTAL
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	5. REFERENCES

	Broj rada: Paper No. T7-6, pp. 1-4


