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A B S T R A C T   

We report the fabrication of flexible, printed dual cell supercapacitors (DCSCs) and their implementations in 
energy storage units providing peak power to portable devices. The use of organic electrolytes enhances higher 
capacity in both potential windows (2.5 V/cell) and the temperature ranges than the aqueous electrolytes, while 
propylene carbonate retains the advantages of low cost and low toxicity. The device delivered capacitance value 
between 3 and 4 mF, equivalent series resistance < 2 Ω, and very low leakage current of about 0.1 µA. We 
demonstrated the integration of an organic photovoltaic module (OPV) with an energy supply platform (ESP) and 
DCSCs for indoor light energy harvesting and storage. The maximum harvested energy was about 39 mJ. The 
energy is sufficient to provide peak power to portable devices and sensors. This was confirmed by powering an 
LED with our energy harvesting system. Mechanical deformation testing of DCSCs shows excellent mechanical 
stability, so that the device is well suited for flexible energy storage units. In a long-term cyclic stability test, the 
decrease in capacitance value was only 1% of the initial value after 10,000 cycles, indicating good durability and 
performance.   

1. Introduction 

Research on energy storage devices is a need in today’s world to 
handle environmental and energy issues, which have attracted growing 
interest in the last decades. Energy storage devices store harvested en
ergy and act as a backup source to provide energy when the primary 
energy source is not available [1,2]. The main energy storage devices are 
batteries and supercapacitors. Supercapacitors are a promising and 
emerging technology [3] for environmentally friendly and low-cost 
energy harvesting and storage systems in which a traditional battery 
technology is frequently not the best system, due to toxic or corrosive 
components, limited peak discharge current, and limited cycle life [4]. 

Supercapacitors, also known as electric double-layer capacitors 
(EDLC) [4] or ultracapacitors, have higher power densities than batte
ries, high efficiency, long cycle life, wide temperature ranges [3,5], 
quick charging time, high compatibility and no risk of explosion [6]. 
Supercapacitors are used to provide short term peak power in energy 
applications such as sensors, active RFID tags, radio transmission, 
Internet of Things (IoT) [7] and can operate in a wide range of tem
perature from about -40 ◦C to 100 ◦C [2,8,9]. In general, a super
capacitor assembly consists of current collectors, electrodes, electrolyte, 

and separator. Supercapacitors operate at low voltage due to the limited 
electrochemical window of the electrolyte. With aqueous electrolytes, 
the maximum potential between electrodes is about 1.3 V, whereas 
organic electrolytes give a maximum potential of about 3.3 V, thus can 
provide wider potential window and temperature range than an aqueous 
electrolyte [2,10]. 

Energy harvesting from renewable and sustainable sources has 
became popular in the past decade due to advances in ultralow-power 
electronics [11]. Flexible energy storage systems are needed for a vari
ety of wearable, low weight, and portable electronics. Ambient energy 
sources such as heat, light, sound, wind, and vibration can be converted 
into electrical energy. The practice is called energy harvesting [12]. 
Previously, we have reported the use of piezoelectric energy harvesters 
to operate low-power devices [13]. 

In this paper, we focus on fully printed dual cell supercapacitors 
(abbreviation: DCSCs) and indoor-light energy harvesting systems 
which have three main parts: organic photovoltaic (Infinity OPV), en
ergy supply platform (ESP, Epeas) and a supercapacitor (DCSC) as a 
storage unit. Among different energy sources, light is the most abundant 
source of the energy and available from indoor light sources such as a 
fluorescent tube, halogen lamp or LED, as well as outdoors or in indoor 
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spaces with windows directly from the sun [14]. Progress in efficient 
solar cell technology has attracted interest from researchers as well as 
developers and producers, and quite good low cost solar modules, 
including flexible modules based on polymers (OPV) are commercially 
available [15]. Recently, the fabrication of flexible, lightweight, wear
able self-powered solar capacitors has been reported. The systems 
consist of flexible energy harvesting and energy storage module. The 
system exhibits excellent robustness and mechanical stability for many 
wearable scenarios. The power conversion efficiency reported was be
tween 10.8 and 14.14% [16,17]. OPV output current is proportional to 
its active area and can be scaled depending on output energy require
ment. Generally, the energy obtainable from ambient indoor light using 
commercial OPVs is in the range between 10 and 100 µW/cm2 [18,19]. 
The modules used in this study, from Infinity PV, have a high degree of 
flexibility, low weight, thin (<0.5 mm) structure, and are easy to inte
grate with ESP and supercapacitor. The OPV was characterized with a 
standard cell testing method, AM1.5 spectrum (1000 W/m2, one sun 
illumination). The OPV module used in this work is rated to have a 
power conversion efficiency of 5 %, which would deliver an output 

power of 50 W/m2 at AM1.5. In far weaker indoor light (approximately 
1/100 of AM1.5), the output power is about 0.5 W/m2[20]. 

Earlier publications describe conventional direct integration of OPV 
with supercapacitor without a power management IC as a simple stacked 
device to harvest and store energy. For extremely low-cost systems, this 
may be adequate, but such an approach has several disadvantages such 
as low energy conversion, charge imbalance, inefficiency, large power 
dissipation etc. [21,22]. To mitigate these problems, we used an energy 
supply platform (ESP): (an E-peas AEM10941 conversion and control 
full-featured power management circuit board) that acts as an interface 
between OPV and supercapacitor module. The ESP consists of an 
ultra-low-power DC-DC buck-boost converter which operates with input 
voltage in the range from 0.5 V to 5 V and boosts the OPV input voltage 
to the adjustable output voltage range 2.2–4.5 V. The ESP system pro
vides multiple advantages, such as OPV optimal voltage conditions at 
maximum power point (MPP) up to 90 %, balance of charge across the 
dual cell supercapacitor, device protection, increased efficiency of col
lecting energy, load balance standardization, and regulated power to 
load by high-efficient low drop output (LDO) regulators [22,23]. The 

Fig. 1. Schematic drawing of dual cell series connected supercapacitor (a, b), Doctor blade coating method (c), Photograph of supercapacitor assembling inside 
glovebox (d), Fabricated supercapacitor (e). The layer thickness is not to scale. 
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targeted application requires designing of the supercapacitor properties 
based on the needs of the system. The choices of materials such as 
electrode ink, electrolyte, and current collector affect the electrical 
behavior of the supercapacitor in terms of voltage, capacitance, equiv
alent series resistance (ESR), and device flexibility. In addition to the 
need for higher voltage per cell and low ESR, scaling and design of the 
supercapacitor was important. We have previously reported printed 
supercapacitors for energy storage devices in the range of 100–500 mF 
[14,24–26]. Activated carbon ink was used to achieve high capacitance 
because of its high specific surface area, about 1500–2000 m2/g. In this 
paper, we mainly focus on dual cell (2.5 V/cell) supercapacitors in the 
range of 3,4 mF to store a small amount of energy that provides suffi
cient peak power for low energy circuitry or radio transmission. The 
cells are prepared by depositing pairs of electrodes onto substrates and 
laminating them into devices which are connected in series internally to 
provide a maximum potential of 5 V. Super P conductive carbon ink was 
used to achieve low capacitance because of its relatively low specific 
surface area of about 62 m2/g and good conductivity that would give 
improved ESR. Propylene carbonate (PC) electrolyte was used to achieve 
the targeted voltage range. PC electrolytes have good electrochemical 
performance, wide temperature range and low toxicity and are ther
mally stable, safe and relatively inexpensive. Costs are calculated based 
on the energy consumption and materials costs for the developed device. 
A cost analysis of the energy storage devices such as supercapacitors, 
batteries has been reported previously [27]. Like the previously reported 

aqueous printed supercapacitors, these are also environmentally 
friendly, and can be fabricated by low-cost printing processes at low 
temperature (<100 ◦C), although the final assembly requires a 
water-free atmosphere. Bending tests on the supercapacitor demonstrate 
good mechanical stability, while cyclic charge-discharge test demon
strates high cycling stability. Thus, these devices are well suited for 
flexible energy storage in harvesting and storage systems for distributed 
electronics. 

2. Experimental 

The schematic structure of the flexible dual cell supercapacitor is 
shown in Fig. 1(a & b). The fabrication process for this type of printed 
supercapacitors has been reported earlier [4,24,25,28,29] and is also 
summarized here. A polyethylene terephthalate and aluminum (PET/Al, 
Pyroll, thicknesses 50 µm and 9 µm, respectively) substrate size 6 cm by 
5 cm was used as a current collector. The electrode material consisted of 
a mixture of highly conductive Super P carbon (Timcal) and carbox
ymethyl cellulose (CMC) binder, amounts 90 wt% and 10 wt%, 
respectively and deionized water to suitable viscosity. The electrodes 
were printed on the current collector (substrate) with laboratory-scale 
doctor blade coating method (Mtv Messtechnik) shown in Fig. 1(c). 
The wet thickness of the ink layer was about 100 µm and the area was 2 
cm by 3 cm. The electrodes were cured at 60 ◦C for 15 min. All prints 
were weighed before and after applying the carbon ink in order to 

Fig. 2. Cyclic voltammetry measurement (a), Capacitance vs scan rate (b), Charge-discharge measurement (c).  
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determine the specific capacitance from the electrode mass. Once the 
electrodes were prepared, Paramelt Aquaseal X2277 adhesive was 
applied on the edges of PET/Al and cured at 80 ◦C for 20 min. 

Once the adhesive was cured, electrodes were immediately trans
ferred to a nitrogen-filled glove box for electrolyte filling and assembly 
under very clean and dry conditions (O2 and H2O concentration lower 
than 3 ppm). Then, 1 M tetraethylammonium tetrafluoroborate 
(TEABF4) in propylene carbonate (PC) electrolyte was prepared inside 
the glove box. A polyethylene (PE) frame was added between the elec
trodes to prevent a short circuit. The supercapacitors were then assem
bled by sandwiching bottom electrodes, separators (Dreamweaver) size 
3.5 cm by 2.5 cm and top electrodes as shown in Fig. 1(d). The separator 

and electrodes were soaked with electrolyte before assembling to ensure 
complete filling of the pores. Finally, the system was heat sealed in a face 
to face configuration with an impulse heat sealer. At the end, 50 µm 
thick copper tape (3M) was attached to current collectors for robust 
electrical contact, as shown in Fig. 1(e). The total thickness of the 
supercapacitor with the packaging was about 0.5 mm, with the length 
and breadth being 6 cm and 5 cm, respectively. 

A Zennium electrochemical workstation (Zahner Elektrik GmbH) 
was used for cyclic voltammetry (CV) measurements of the super
capacitor. In this method, the supercapacitor was connected to the 
Zahner workstation. The Zennium CV software allows adjusting the 
lower and upper potential, number of sweeps, sampling rate etc. 

3. Results and discussion 

3.1. Cyclic voltammetry (CV) measurement 

Cyclic voltammetry is a common method in electrochemical studies 
and is typically performed using a potentiostat. The value of capacitance 
was calculated using the formulas given in Eqs. (1) & (2) [30,31]. CV 
sweeps were measured at different scan rates from 20 mV/s to 100 mV/s 
at voltage range from 0 to 4 V as shown in Fig. 2(a). The measured 

Table 1 
Measurement of electrical parameters of DCSCs.  

S/N Capacitance 
(mF) 

Capacitance(F/ 
g) 

Leakage current 
(µA) 

ESR (Ω) 

DCSC1 3.0 0.130 0.10 1.8 
DCSC2 3.6 0.125 0.25 2.3 
DCSC3 3.9 0.110 0.30 2.4 
DCSC4 4.0 0.116 0.24 2.5  

Fig. 3. Nyquist plot real and imaginary impedance (a), Magnified view of Nyquist plot (b), Plot of real and imaginary impedance as a function of frequency (c).  
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capacitance at a different scan rate of device DCSC1 is from 3.6 to 3.9 mF 
as shown in Fig. 2(b). In total four devices (DCSC1 to DCSC4) were 
measured for comparison (Table 1). 

If V(t) is an applied voltage to the supercapacitor, the current is 
defined by Eq. (1). 

I(t) = C
dV
dt

(1) 

The capacitance value is defined by Eq. (2). 

C =
I(t)

dV/dt
(2)  

where dV/dt is the scan rate. 
The capacitance value for these DCSCs is in the range between 3 and 

4 mF, as expected due to the low specific area of the electrode ink. CV 
curves of the capacitors exhibit approximately symmetric rectangular 
shapes, implying relatively ideal capacitive behaviors of the cells. The 
galvanostatic charge-discharge curve of the DCSC at a constant current 
of 1 mA, 3 mA and 10 mA is shown in Fig. 2(c). The applied potential 
range is from 0 to 4 V. The charging curves of the DCSC are symmetrical 
with their corresponding discharging curves. This indicates excellent 

capacitive characteristics as well as the performance of the DCSC. In 
addition, almost linear voltage-time curves indicate that the Super P 
carbon ink has good electrode stability [31,32]. 

3.2. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an electrochemical 
technique frequently used for the characterization of supercapacitors to 
obtain information such as capacitance, conductivity, components 
contributing to the equivalent series resistance, real and imaginary im
pedances with Nyquist plot and phase angle behavior as a function of 
frequency with Bode plot method. The importance of EIS has been re
ported earlier in general, and also for EDLCs [8,29,30,33–39]. 

In EIS, an AC potential is applied to an electrochemical cell and the 
amount of current flowing through the cell is measured. The potential 
excitation is a sinusoidal signal and the response to this is an AC current 
signal. This AC current signal in the cell contains the excitation fre
quency and its harmonics. In our EIS measurement, the excitation fre
quency was in the range from 1 Hz to 1 MHz, with a small excitation 
signal amplitude of 10 mV. The resulting impedance Z is a complex 
number. The Nyquist plot of four DCSCs is shown in Fig. 3(a). 

Fig. 4. Randles equivalent circuit model (a), Nyquist plot real and imaginary impedance (Measured and fitted)(b).  

Fig. 5. Bode plot analysis of dual cell supercapacitors. Plot of impedance vs frequency (a), Plot of phase angle vs frequency (b).  
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For an ideal capacitor, the real part of Z is zero, so the Nyquist plot 
shows a vertical line only coinciding with the vertical axis. In practice, 
total impedance consists of real and imaginary values described in Eq. 
(3) where the impedance’s real part is referred to as equivalent series 
resistance (ESR). 

Z =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Z′2 + Z′′2

√
(3)  

Where, Z’ is the real part and Z’’ is the imaginary part of the impedance. 
The almost vertical line observed at low frequency is characteristic 

for ideal capacitance. A slope line of 45◦ was observed at the interme
diate frequency due to the porous structure of active material and is 
characteristic of the distributed resistance. This region is also called the 
Warburg diffusion region. The steeper the slope is, the higher is the 
diffusion capability of ions entering the pores [40]. A semi-circle loop 
was observed at high frequencies, from 1 kHz to 1 MHz. The shape of the 
loop is similar in all four DCSCs, and the center of the semicircle lies 
below the real axis; this is caused by the electron transfer limited pro
cess. The ESR decreases towards higher frequencies and intersects the 
real axis Z’ shown in Fig. 3(a) Fig. 3.(b) shows a magnified view of the 
Nyquist plot. The plot of the real and imaginary value of impedance as a 
function of frequency is shown in Fig. 3(c). The ESR measured for DCSCs 
was between 1.8 and 2.5 Ω. The components defining the ESR of these 
DCSCs were distributed resistance in the porous active material, contact 
resistance between the active material and current collector, and the 
resistance of current collector and electrolyte [8,21,41,42]. The com
ponents contributing to the total ESR of the DCSCs can be studied with 
the Randels circuit model. The Randles circuit model is commonly used 
in EIS for interpretation of impedance spectra.The circuit model as 
shown in Fig. 4(a) and Nyquist plot of fitted and measured values for 
imaginary and real impedance are shown in Fig. 4(b). The circuit model 
helps in the analysis of bulk resistance (current collector and solution 
resistance) denoted as Rs and charge transfer resistance denoted as Rc, 
and Warburg diffusion region resistance denoted as W. In this model, the 
series element Rc and W are connected with capacitor C in parallel. This 
parallel combination is connected in series with Rs shown in Fig. 4 (a) 
[42]. 

The value of bulk resistance (current collector and electrolyte) Rs was 
from 0.5 to 1 Ω (left most intersect of real axis),) and the charge transfer 
resistance, Rc was from 1.2 to 1.4 Ω (width of semicircle). Finally, the 
value of distributed resistance in the Warburg diffusion region (W) was 
measured to be from 0.2 to 0.4 Ω at the 45◦ line segment. 

A Bode plot of the DCSCs related to the impedance and phase 
behavior over a frequency range from 1 Hz to 100 kHz is given in Fig. 5. 

The impedance was high at the low frequency region and decreased with 
increasing frequency because the impedance of the supercapacitors is 
inversely proportional to the frequency. At the highest frequency, the 
ohmic resistance dominates the impedance and the impedance value is 
constant [34]. The impedance-frequency plot was similar in all four 
DCSC devices. The phase angle value for devices was from 79.5 ◦ to 81 ◦. 
This value is close to the ideal capacitor value of -90 ◦. Thus, it indicates 
the nearly capacitive nature of the device. At a phase angle of -45 ◦, the 
resistance and reactance of the devices have equal magnitude. Hence, 
from the phase-frequency plot diagram, the characteristic frequency at 
an angle of -45 ◦ is about 22 Hz to 32 Hz. This corresponds to the 
relaxation time denoted as to about 31 to 45 ms (to = fo− 1). The relax
ation time is the minimum time needed to discharge the energy from the 
capacitor with an efficiency over 50 % of its maximum value [43]. 

3.3. Leakage current 

To measure leakage current in our DCSCs, 5 V voltage was applied 
over them for 24 h and the small float current required to maintain that 
voltage level was recorded as leakage current. The leakage current was 
determined using the industrial standard IEC 62391-1 [44]. The 
measured electrical parameters of DCSCs devices are shown in Table 1. 
The measured leakage current was very low, between 0.1 µA and 0.3 µA. 
One possible cause of the small residual leakage current is from impu
rities that undergo Faradiac charge-transfer reactions at the electrodes. 
The impurities may be transition metal ions, which are commonly found 
in carbon materials [4]. The devices were assembled in inert atmosphere 
(glove box) to avoid oxygen and water contamination that would be 
possible in ambient air. Robust sealing of the DCSCs is essential and 
prevents impurities from entering the devices. This was achieved 
through hot melt sealing during device assembly. 

3.4. Life-time test 

In order to measure the cyclic stability of the DCSC, we performed 
cyclic voltammetry from 1 to 10,000 cycles at a scan rate of 100 mV/s. 
We observed a relatively symmetric rectangular cyclic sweep, as shown 
in Fig. 6(a), which is indicative of good capacitor behavior. The per
centage of change in capacitance as the function of cyclic count is shown 
in Fig. 6(b); as can be seen, the capacitance value decreases only by 1% 
from the original value after 10,000 cycles, thus the capacitance of the 
DCSC reported here is quite stable under cycling. 

Fig. 6. Cyclic voltammetry graphs from 1 to 10,000 cycles (a), Change in capacitance as a function of cycle number (b).  
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3.5. Mechanical and electrical reliability 

Flexibility is a significant property for a printed supercapacitor in 
many practical applications of electronics. To evaluate the potential and 
the flexibility of the DCSC for flexible energy storage under real condi
tions, a mechanical deformation test was performed. The DCSC was 
bent, twisted and rolled with small curvature radius of 0.5 cm as shown 
in Fig.7. Cyclic voltammetry was measured at 100 mV/s (0–4 V) to 
observe the electrical behavior of the DCSC during these mechanical 
deformations. The cyclic voltammetry curves are almost identical to 
those measured for unbent devices, indicated excellent mechanical and 
electrical stability under bending. 

3.6. Integration of energy harvester with dual cell supercapacitor 

A schematic representation of the energy harvester (OPV module), 

integrated energy supply platform and dual cell supercapacitor is shown 
in Fig. 8. 

The ESP comprises an AEM10941 harvesting IC, which is suitable for 
indoor applications because it has ultra-low power startup. The accepted 
working voltage range of the ESP is between 0.3 V and 5 V. The OPV cell 
acts as an energy source. The ESP acts as an interface between OPV and 
the DCSC storage unit. The ESP uses a maximum power point tracking 

Fig. 7. DCSC under different mechanical deformations: Flat (a), Bent (b), Twisted (c), Rolled (d) and CV measurements graphs of deformed DCSC (e).  

Fig. 8. Schematic view of energy supply platform system with harvester, dual cell supercapacitor and output load unit.  

Table 2 
MPPT ratio based on the characteristic of the input source.  

Config. 1 Config. 2 MPPT 

0 0 70% 
0 1 75% 
1 0 85% 
1 1 90%  
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(MPPT) algorithm to get the most power out of the solar cells. Based on 
the characteristic of the input power source, the MPPT configuration can 
be selected as shown in Table 2. The boost converters raise the voltage to 
a level suitable for charging the DCSC in the range between 2.2 V and 
4.5 V. The low drive out (LDO) is available to power loads at different 
operating voltages between 1.2 V and 4.1 V at a maximum current of 20 
mA to 80 mA. When the DCSC voltage reaches the maximum value of 
4.5 V, the charge is completed, and internal logic prevents damage to the 
storage element and to the internal circuitry. If the DCSC is discharged 

below 2.2 V, the LDO is power gated to shut down mode and protects the 
storage element from further discharge [23]. 

A photograph of the circuit connection of OPV cell, ESP and DCSC is 
shown in Fig. 9(a). Initially, the open-circuit voltage of the OPV cell was 
measured at three different conditions: direct sun, office lamp and in 
dark. The measured output voltage under direct sun and office lamp is 
about 5.5 V and 4.8 V, respectively, as shown in Fig. 9(b). The plot of 
output current and voltage of the OPV across the external load resistance 
in the range 1–2.5 kΩ is shown in Fig. 9(d). The maximum output 

Fig. 9. Photograph of integration of OPV, ESP and dual cell supercapacitor (a), Open circuit voltage measurement of OPV cell under the sun, office lamp and in dark 
(b), Voltage measured across four dual cell supercapacitors (DCSC) as a function of time (c), Relationship between the output current-voltage and resistor (d), Self- 
discharge measurement of DCSCs (e). 
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current of 3.72 mA was obtained at a resistance about 100 Ω. Similarly, 
the maximum power was 5.2 mW at load resistor 1 kΩ. As we are 
focusing on indoor light energy harvesting, the voltage range is enough 
to power the ESP unit. The OPV was irradiated with a 7.7 W LED lamp 
having luminous flux of 806 lm, positioned at a distance of about 30 cm. 
The voltage across the DCSCs as a function of time is shown in Fig. 9(c). 
The measured maximum voltage of DCSCs was from 4.35 V to 4.49 V 
and the logic circuit prevents DCSC from further charging by disabling 
the boost converter and maintaining charge balance. The energy har
vested in the DCSC is given by Eq. (4). 

E =
1
2

CV2 (4)  

where C is the capacitance and V is the voltage measured across the 
DCSC 

The measured voltage and energy harvested are shown in Table 3. 
The self-discharge behavior of the supercapacitor was measured over a 
period of one week. The self-discharge behavior was similar in all 
supercapacitors. The plot of voltage over time is shown in Fig. 9(e). The 
maximum charge voltage was 4.5 V, which decreases to below 1 V after 
4 days. This is a more rapid decay of voltage than has been seen in larger 
supercapacitors and is due to the small capacitance (3 to 4 mF). Self- 
discharge phenomena such as Ohmic leakage (shunt resistance), or 
diffusion-controlled self-discharge due to the presence of impurities in 
carbon, make a relatively larger contribution to self-discharge in low- 
capacitance devices. Ricketts et al. reported quite rapid self-discharge 
in an organic electrolyte-based supercapacitor and mentioned that the 
diffusion process causes a significant loss of stored energy [45]. Details 
about the self-discharge mechanism in supercapacitors have been re
ported earlier [4,45,46]. 

Fig. 10(a) shows a photograph of a practical demonstration of an 
energy harvester unit operating a low power device. In this experiment, 
a LED was connected to the ESP unit. Once the DCSC reaches a voltage of 
about 3.6 V, the LDO is turned on and provides peak power to the LED. 
The LED blinks for a few seconds and the voltage measured across the 
led was 2.5 V. The voltage of the LED as a function of time is shown in 

Fig. 10(b). The peak power generated by the circuit was about 20 mW. 
This demonstrates that the energy module delivers sufficient energy, 
even under indoor lighting conditions, to operate low-power portable 
devices. 

4. Conclusion 

In this work, we designed an organic electrolyte-based, printable, 
and flexible dual cell supercapacitor (DCSC), to fulfill the requirements 
of higher voltage, low ESR and low leakage current. The DCSC is envi
ronmentally friendly, manufactured by low-cost printing and coating 
methods, and fabricated at relatively low temperature (<100 ◦C). In 
addition, we have demonstrated an energy harvesting system through 
the integration of flexible OPV, printed dual cell supercapacitor and 
energy supply platform. The ESP is capable of tracking maximum power 
from OPV (MPPT), DC-DC boost of OPV output, charge our super
capacitor efficiently and operate the load device through a low drive 
output (LDO) unit. The printed 3 to 4 mF DCSC is sufficient to store 
energy and power a LED. The maximum energy harvested from the 
harvester was about 39 mJ. This energy is enough for powering portable 
electronic devices and sensors. DCSCs are mechanically stable, and the 
devices are well suited for flexible energy storage. In cycle life test up to 
10,000 cycles, DCSCs show good performance with about 99 % capac
itance retention. 
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Table 3 
Calculation of voltage measured and energy harvested across the four DCSCs.  

S/N Capacitance 
(mF) 

Voltage (V 
DCSC) 

VDCSC 

(%) 
Energy harvested 
(mJ) 

DCSC1 3.0 4.49 99.7 30.2 
DCSC2 3.6 4.45 98.8 35.6 
DCSC3 3.9 4.47 99.3 39.0 
DCSC4 4.0 4.35 96.6 37.8  

Fig. 10. Photograph of energy harvester unit powering a LED (a), Peak voltage measured across LED as a function of time (b).  
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