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Abstract

As the demand for supercapacitors in various flexible and wearable energy sectors grows, reliability becomes a key aspect to
consider. We report the fabrication and reliability study of printed, flexible organic electrolyte-based supercapacitors. The
supercapacitor can be operated over a wide temperature range from -40 °C to 100 °C with excellent repeatability and stability.
Thermal shock tests led to a defect in the electrode layer's microstructure, which reduces the supercapacitor performance. Cyclic
bending experiments show that the device has excellent robustness, mechanical flexibility, long-term electrical stability, and
100 % capacitance retention up to 10000 bending cycles with a bending radius of 0.41 cm. Thus, the device is suitable for

wearable and flexible energy storage applications over a wide temperature range.
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1. Introduction

With the recent growth in portable, flexible, wearable,
miniaturized electronic products, the demand for flexible and
reliable energy storage devices such as supercapacitors has
increased. An energy storage device for such applications
should be low-cost, environmentally friendly, lightweight, and
operate over a wide temperature range [1]. Supercapacitors
offer a solution to meet the growing demand for consumer
electronics.

Supercapacitors, also known as electric double-layer
capacitors (EDLC), ultracapacitors, or electrochemical
capacitors [2][3]. Supercapacitors have attracted great
attention because of their high efficiency, long cycle life, high
power densities, wide temperature ranges [4][5], and quick
charging time [6]. In many energy applications,
supercapacitors are used for providing short term power peaks
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to devices such as electric vehicles and power tools, as well as
for storing energy to power active RFID tags, sensors, sensor
networks, and Internet of Things devices (loT) when the
primary energy source is unavailable [7]. Supercapacitors can
also be suitable for operation over temperatures from -40 °C
to 100 °C [8][9]. Maintaining the power density, thermal
stability, cyclic stability, and electrical performance without
significant loss over a wide range of temperatures is a very
important advantage of supercapacitors for many applications,
such as portable electronic devices, aerospace power sources
for actuator systems, charging stations for electric vehicles,
military weapons and armored vehicles [8][10]. In general, a
supercapacitor is made up of highly porous electrodes, current
collectors, separator, and electrolyte. The operation voltage of
supercapacitors is limited due to the electrochemical window
of the electrolyte. Compared to the aqueous electrolyte,
organic electrolytes can have higher potential window. Some
organic electrolytes can provide potential up to 3.3 V, where
as with aqueous electrolyte the maximum potential is about
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1.3 V [11][12]. In this reliability study, we used
supercapacitors comprising propylene carbonate electrolyte,
which can provide up to 2.5 V per cell despite being of low
toxicity and cost.

Reliability is a method to check whether the device can
perform a required task in specific condition for a given time
interval, and has been applied to supercapacitors as well
[13][14]. Reliability testing, including the determination of
failure mechanisms [15], is very important, due to energy
storage demand at extreme conditions, and is widely applied
to power electronics systems and devices such as inductors,
semiconductors, inverters, capacitor banks [16][17] etc., as
well as to supercapacitors. Kotz et al [9] investigated
temperature dependency behavior of an activated carbon
(AC)-based supercapacitor in the range -40 °C to 70 °C using
1M tetraethyl ammonium tetrafluoroborate (TEABF4) in
acetonitrile and in propylene carbonate (PC). Similar
temperature dependent measurement was reported by Liu et al
[18] and Gualous et al [19]. In those cases, the temperature
was limited to below 80 °C, even though PC electrolytes can
withstand higher temperatures [20]. Azais et al [21]
investigated electrode pore blockage and gas evolution due to
organic electrolyte decomposition on electrode materials.
Bitter et al [22] observed structural modification of the
electrode because of oxidation and reduction. Hahn et al [23]
found that overvoltage led to a significant expansion of the
electrode, and even nominal voltage might result in
decomposition of electrode and electrolyte. Oz et al [24]
investigated the microstructure of the electrode-electrolyte
interface changes upon degradation and electrolyte parasitic
reactions resulting in precipitation onto the porous surface.
This limits the transport of the electrolyte ions to the porous
electrode and reduces the performance. Lu et al reported
thermally  stable  montmorillonite/poly(vinyl  alcohol)
(MMT/PVA) hydrogen gel electrolyte based supercapacitors
operating at temperature ranges -50 °C to 90 °C and the study
on mechanical deformation of the devices for flexible energy
storage application [25]. Dai et al review on development,
progress, and mechanical properties of different types of gel
electrolytes based flexible supercapacitors. The author
mentioned that the polymer gel electrolyte has self healing
properties and several advantages in terms of cyclic stability,
safety, flexibility, and wide temperature range [26]. Sundriyal
et al reported optimized electrode patterned-inkjet printed
planar micro supercapacitors, which were flexible and cyclic
stability up to 20000 cycles [27]. Liu et al reported a anti-
freezing polymer hydrogel electrolyte based supercapacitors
operating at temperature range -20 to 100 °C with capacitance
retention about 90 % [28]. Na et al studied the electrochemical
performance and mechanical reliability of supercapacitors
made with heterogeneous hybrid composite fibers consists of
carbon nanotube yarn (CNTY) and metal organic frameworks
(MOFs) [29]. However, so far the thermal and mechanical

reliability of flexible, printed supercapacitors based on PC
electrolyte has not been systematically studied and reported.

Under extreme conditions, storing energy is still very
challenging. A key goal of reliability testing of
supercapacitors is to determine their ability to reliably fulfill
performance requirements over the targeted range of operating
conditions. We have previously reported similar devices as
energy storage units for low power electronics [30]. Here, we
report the results of systematic reliability studies on these
devices in different environments, concentrating on
performance over a range of temperatures, cyclic bending
stability, and reaction to thermal shock. We confirm the
functionality of these devices, and possible reasons for the
failure following thermal shock tests. In addition, further
necessary steps to overcome those failures and design
optimization to meet requirements for performance are
discussed.

2. Experiments

The schematic structure of the supercapacitor is shown in
figure 1(a,b). We have reported the fabrication process of
similar supercapacitors earlier and briefly summarize the
process here [2][30][31][32]. A polyethylene terephthalate
and aluminum (5 cm by 4.5 cm) (PET/AI, Pyroll, thicknesses
50 um and 9 um, respectively) was used as a current collector.
The electrode ink was made with 90 wt% of highly conductive
Super P carbon (Timcal) and 10 wt% carboxymethyl cellulose
(CMC) binder. The deionized water added to the mixture to
suitable viscosity. The target use case for these devices is as a
power peak provider for Bluetooth Low Energy (BLE)
transmission in conjunction with a small, printed battery; as a
result, the target was a relatively small capacitance of a few
mF and a low ESR on the order of 1-2 Ohm. We therefore
formulated an electrode ink based on super P carbon black
which yields lower capacitance than activated carbon, and also
reduces ESR due to high conductivity. These supercapacitors
can store sufficient energy and deliver sufficient peak power
for a BLE transmission [30]. The laboratory-scale coating unit
(Mtv Messtechnik), shown in figure 1(c), was used for stencil
printing of the electrodes on the current collector (substrate).
The electrode area of the fabricated supercapacitor was 2 cm
by 3 cm and the wet thickness of the was 100 um. The curing
temperature of electrodes were 60 °C for 15 minutes.

Once curing was completed, the electrodes were moved to a
nitrogen-filled glove box in order to assemble the device in a
clean environment free of water and oxygen. Then, 1 M
tetraethylammonium  tetrafluoroborate ~ (TEABF.)  in
propylene carbonate (PC) electrolyte was prepared. Although
there are other organic electrolytes with wider electrochemical
windows (the maximum voltage per cell in the reported
devices are 2.5 V), PC was chosen due to low cost and low
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Figure 1. Schematic drawing of electrode top view(a), a cross-section of the entire device (b), and stencil

printing method (c). Layer thickness is not to scale

toxicity. Before assembling the device, the separator and
electrode surface was made wet enough with electrolyte, so
that the pores get filled. The supercapacitors were then
assembled in a sandwiched structure. The electrodes were
aligned face to face, separated by the separator (Dreamweaver
Titanium 40, dimension 2.5 cm by 3.5 cm). The 3M adhesive
tape was used for the adhesion of the electrodes. The overall
thickness of the device was about 0.5 mm.

A Zennium electrochemical workstation (Zahner Elektrik
GmbH) and software were used for cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS)
measurements. The supercapacitors were characterized before
and after testing. From these, the capacitance and equivalent
series resistance (ESR) were determined. Based on the
reliability analysis from the cyclic voltammetry at different
scan rates and electrochemical impedance spectroscopy, the
variation of the capacitance and equivalent series resistance
was explained.

Initially, device performance over a wide temperature window
ranging from -40 °C to 100 °C was studied. Electrolyte
conductivity is one of the most important temperature-
dependent properties determining device performance. The
operating temperature effect the properties of the electrolytes

(e.g. viscosity, thermal stability, solubility, and ionic
conductivity). Thus, it leads to changes in capacitance and
ESR with temperature. In our experiment, in order to compare
the influence of the temperature on ESR and capacitance of
propylene carbonate electrolyte, the device performance at
room temperature (RT) was compared with measurements at
low and high temperatures. The supercapacitor was subjected
to a climatic test chamber (ESPEC). The results are presented
and discussed in Section 3.5. In addition, the viscosity of the
electrolyte solution was measured at the temperature range
between -10 °C and 70 °C using Anton Paar MCR301
rheometer and discussed in Section 3.4.

Next, the robustness of the devices under bending was
investigated. While commercial supercapacitors are mostly
provided in rigid can-like packages, printed supercapacitors
have the potential to be highly flexible, and thus easy to
integrate into thin, flexible device applications. We have
performed cyclic bending tests on our devices using a Mark
10 ESM303 test system and following the IPC-9204
guidelines on flexibility and stretchability testing for printed
electronics. By applying very low force, the sample was
reproducibly bent with radius of 0.41 cm, as determined by
optical imaging. The setup used for the tests is shown in figure
7 (a,b,c). One end of the device was attached to the upper grip
and the other end was attached to the lower grip. The lower
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grip was fixed, and the upper grip was adjustable, moving up
and down, thus bending the supercapacitors for a specified
number of cycles, 8 secs/cycle. Cyclic voltammetry was used
to characterize the electrical response of the supercapacitors
during these mechanical deformations. The results are
presented and discussed in Section 3.6.

In our final experiments, the printed supercapacitors were
subjected to thermal shock cycling in a dedicated climate
chamber between temperature extremes of -40 °C and 100 °C.
The temperature change rate between the extremes of
temperatures was 90°/min and dwell time at each temperature
extreme 15 minutes, resulting in an approximately 30-minute
cycle. Altogether 500 cycles were conducted. The electrical
parameters of the supercapacitors were measured before
testing as well as after 100, 300, and 500 cycles. The thermal
shock cycle of the process is shown in figure 9, where the
temperature is set to To=-40 °C and T, = 100 °C, t1=t2= 15
minutes. The results are discussed in Section 3.8.

3. Results and discussion

3.1 Cyclic voltammetry measurement

CV is often used in electrochemical studies. Using equations
(1,2) [33][34], the capacitance value was calculated. As
indicated in figure 2(a), CV sweeps were obtained at various
scan rates ranging from 10 mVs™ to 80 mVs™ at voltage range
from 0 to 2.5 V. Figure 2(b) shows the measured capacitance
value from 9 to 10 mF at different scan rates. The capacitance,
voltage, and ESR of these devices are sufficient for a two-cell
module to apply in BLE transmission.

The expression for the current with applied voltage V(t) to the
supercapacitor is given as follow.

dv
I(t) = CE ---------------------- 1
The capacitance relation with current and scan rate is given by

_ 1o
C= dv/dt 2

where dV/dt is the scan rate.

The CV curves show symmetric rectangular shapes that are
close to ideal capacitive behaviors of the cells. Figure 2(c)
shows device’s galvanostatic charge-discharge curves with a
constant current of 1 mA, 3 mA, and 10 mA from 0 to 2.5 V.
The charging-discharging curves of the device are relatively
symmetrical which good capacitive characteristics.
Furthermore, voltage-time curves are linear, implying that the
electrodes are stable [34][35].
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Figure 2. A plot of cyclic voltammetry measurement (a),
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vs scan rate (b), and charge-discharge

measurement (c).
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The specific capacitance was measured by dividing the
capacitance value by total electrode mass. The electrode mass
of the active materials was from 10.4 to 10.7 mg. The
measured specific capacitance was from 0.76 to 0.93 Fg=.
Similarly, the measured current per unit mass value was from
30.3 to 355 mAg? at scan rate 40 mVs?®. The specific
capacitance value is low, which consistent with the targeted
capacitance below 10 mF. By comparison, the specific
capacitance of devices comprising activated carbon electrodes
has been reported to be between 16 to 26 Fg [32].

3.2 Electrochemical impedance spectroscopy

This electrochemical method is often applied to characterize
the supercapacitors. This method starts with applying an AC
voltage to an electrochemical cell and then measuring current
flowing through it. The amplitude of the excitation signal 10
mV with excitation frequency in the range from 1 Hz to 1
MHz. The Nyquist plot of the supercapacitor is shown in
figure 3(a). Figure 3(b) shows plot of impedance (real and
imaginary) as a function of frequency. As described in
Equation (3), the total impedance (Z) is a combination of real
and imaginary values. The equivalent series resistance is
measured from real part of the Nyquist plot.

7= NTZ F D2 o 3

Where, Z’* and Z’ are imaginary and real part respectively.

The porous structure of the active material result a slope line
of 45° at the intermediate frequency, which defines the
distributed resistance and is also known as Warburg diffusion
region. The steeper slope indicates higher diffusion capability
of ions entering the pores [36]. At high frequencies ranging
from 1 kHz to 1 MHz, a semi-circle loop was observed. As
shown in figure 3(a,b), the ESR intersects the real axis Z’and
decreases towards higher frequencies. The ESR value of
device was from 1.1 Q to 2 Q. The ESR consists of the
electrolyte resistance (denoted as R, left most intersect Z°),
electrode and current collector’s contact resistance ( denoted
as R,, width of the semicircle), and porous active material’s
distributed resistance (denoted as Rs, 45° segment) [9][32].
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Figure 3. Nyquist plot (a), and plot of real and imaginary
impedance as function of frequency (b)

3.3 Leakage current

The leakage current in our supercapacitors was measured by
applying 2.5 V for 24 hours. Inorder to maintain that voltage
level, a small float current needed which is called a leakage
current. By using the industrial standard IEC 62391-1 [37],
leakage current was recorded. Very low leakage current
between 0.1 pA and 0.4 pA was measured. The impurities at
the electrodes due to Faradiac charge-transfer reactions may
cause small residual leakage current. The impurities which are
frequently found in carbon materials may be transition metal
ions. Final assembly of these devices in glove box and robust
sealing is very important to prevent water or oxygen from
entering the devices.
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3.4 lonic conductivity and viscosity

The ionic conductivity of the 1 M TEABF4 in PC electrolyte
was measured at room temperature by EIS. The expression for
the ionic conductivity is by equation 4.

where ¢ is an ionic conductivity, | is distance between
electrodes, R is the resistance of the electrolyte and A is the
electrode surface area. The electrode surface area is about
10.5 cm and separation distance between them was 1 mm.
The ionic resistance measured from Nyquist plot was about
0.8 Q. The measured ionic conductivity of electrolyte was
about 12 mScm* which is close to earlier publication [12][38].

Viscosity is defined as the ratio of the shear stress to the shear
rate. The expression for the viscosity is by equation 5.

T|=; ------------------- 5

where 1 is viscosity, T is shear stress and v is a shear rate.

The plot of viscosity of an electrolyte as function of
temperature is shown in figure 4. The viscosity shows
temperature dependancy. The measured viscosity of the
electrolyte at room temperature was 3.5 mPa s. This value is
in between earlier reported data 2.5 mPa s [38][39] and 4 mPa
s [40]. Similarly, the solubility and thermal behavior of the
TEABF, in PC had been reported earlier [41][42][43].

104

Viscosity (mPa s)
w

Temperature (°C)

Figure 4. The plot of viscosity measurement of electrolyte as
function of temperature between -10 °C to 70 °C .

3.5 Temperature test

The CV curves at scan rate 5 mVs™ (0 - 2.5 V) and the EIS
measurement graph, from which capacitance and ESR were
determined between -40 °C and 100 °C, are shown in figure
5(a,c). The CV curves are relatively rectangular, indicating
good capacitor performance and electrode stability. However,
the area of the curve changes due to the effect of temperature
on the electrochemical performance of the supercapacitor. The
reference RT capacitance and ESR values were 8.5 mF and
1.97 Q, respectively. The plot of ESR as function of
temperature is shown in figure 5(b). Table 1 shows the
supercapacitor capacitance and ESR performance under
different temperature conditions. The dependence of
capacitance on temperature is substantially weaker than the
dependence of ESR. The capacitance increased by 11% at 100
°C and decreased by 7 % at -40 °C. On the other hand, there
is a significant change in ESR with a decrease in temperature.
The ESR value increases from 1.97 Q to 4.98 Q from RT to -
40 °C. The increase in ESR at low temperature is due to the
increased viscosity and reduced ionic conductivity of the
electrolyte. As can be seen from figure 5(c) with the help of
the Nyquist plot, the major component contributing to ESR is
the electrolyte resistance (leftmost intersect of the real axis
Z”), which gradually increases with decreasing temperature.

At RT the electrolyte resistance was 0.55 Q, which increased
to 2.32 Q at -40 °C. This results from the increased viscosity,
which inhibits free movement of ions in the electrolyte and
through the porous separator and pores in the carbon electrode.
The second dominant factor was the distributed resistance due
to ion diffusion in the porous active material which was 0.1 Q
and 0.9 Q at RT and -40 °C, respectively. The difference in
ESR is very small at high temperature. In addition, the
supercapacitor retained its room temperature capacitance
when cooled from 100 °C and defrosted from -40 °C,
indicating stability and repeatability of the device.

The results reported here for flexible supercapacitors are
consistent with earlier work on organic electrolytes-based
supercapacitors in other architectures. Liu et al [18]
investigated a rise in ESR for PC-based supercapacitors from
16 mQ to 77 mQ for RT and -30 °C. Kotz et al [9] reported an
increase in ESR by 200% from 2.5 mQ to 7.5 mQ, mainly
dominated by the distributed resistance at the 45° region. Zhi
et al [44] reported significant changes in ESR from 135 mQ
to 876 mQ at 60 °C and -40 °C respectively.
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Figure 5. Cyclic voltammetry measurement at a different temperature from -40 °C to 100 °C at 5mV/s (a), Plot of
equivalent series resistance vs temperature (b), and Nyquist plot of real and imaginary impedance (c)

Table 1. Capacitance and ESR change with temperature

Temperature | Capacitance | Change ESR | Change
(°C) (mF) capacitance ESR %
%

100 9.5 11 1.78 | -9.6

80 9.4 10.5 1.85 | -6.0

60 9.3 9.4 1.9 -35

40 8.7 2.3 193 | -2.0
RT 8.5 0 197 |0

0 8.4 -1.1 25 26.9
-20 8 -5.8 3.13 | 588
-40 7.9 -7 4.98 | 153

The Coulombic efficiency (CE) of the device is defined as the
ratio of total discharge capacity to the total charge capacity.
The expression for the Coulombic efficiency is defined in
equation 6.

Qdischarge * 100------=-------- 6

charge

CE(%) =

where Quischarge @3Nd Qcnarge are total charge storage capacities
of the discharging and charging sweeps obtained from CV at
scan rate of 5 mVs™. The CE value was between 93 % and
98.5 % when measured at temperatures from -40 °C to 100
°C. The CE value indicates good charge discharge behavior of
the supercapacitors and is above 90 % even at sub-zero
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temperatures. The plot of CE as function of temperature is
shown in figure 6.

100
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T — 1 1
60 -40 20 0 20 40 60 80 100 120
Temperature (°C)

Figure 6: Coulombic efficiency at scan rate of 5 mVs? as a
function of temperature.

3.6 Cyclic bending test

The cyclic voltammetry curves are almost identical, indicating
excellent and long-term mechanical, electrical stability, and
reliability under deformations. Figure 7 shows the Mark 10
measurement setup. Similarly, figure 8(a) shows the CV
measurement at up to 10000 bending cycles. The plot of
capacitance retention is shown in figure 8(b). We observed
100 % capacitance retention and the ESR was constant at
about 1.1 Q after 10000 bending cycles. The devices are well
functional and the electrochemical performance is well
maintained under various deformations. There was no sign of
physical damage, delamination, or leakage in the device due
to robust sealing. The minimum bending radius tested was
0.41 cm, which indicates sufficient flexibility for a wide range
of printed and wearable electronics applications.

a

Force gauge

Controller

Lower grip

B
- dB

Figure 7: Photograph of mark 10 test setup system (a), before
bend (b), after bend (c)
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bending cycles (b)

3.7 Energy and power

The expression for the energy stored in the capacitor is given
by equation 7 [45].

where C is the capacitance and V is the voltage.

The energy storage capacity of the supercapacitor varies
linearly with capacitance and quadratically with voltage.
Thus, maximizing capacitance value and voltage will increase
the energy [46]. The device capacitance value was between 8
and 10 mF and ESR inrange 1.1 to 2 Q. The maximum energy
stored in supercapacitor was about 31.25 mJ. The energy
density of supercapacitor can be defined relative to total
electrode mass of active material. The measured maximum

Bending cycles energy density was 3 J.g™%. This energy density is lower than

for activated carbon based supercapacitors, due to very low
specific area of the carbon black electrode ink [8][47][48].

Similarly, the maximum power capability of the device is
given by equation 8 [45].
VZ

R — 8
4R

where R is the ESR and V is the voltage across the
supercapacitor.

The power is inversely proportional to ESR, hence decreasing
the ESR value and maximizing the electrolyte voltage will
improve the power capability of the device. The calculated
maximum power value was 1.42 W. The measured maximum
power density was 133 W.g.

3.8 Thermal shock test

Gualous et al [19] investigated the reaction of conventional
supercapacitors to thermal shock and found a decrease in the
electrical performance. However, in their study, the
temperature was limited to between -20 °C to 80 °C and 20
cycles only, even though PC electrolyte has the potential to
withstand temperatures much higher than 80 °C [20].

The area of the CV curves becomes smaller in size as shown
in figure 10(a), indicating reduced capacitance, and ESR
increases as the number of test cycles increases. The
supercapacitor behaves relatively well up to 100 cycles,
followed by more severe degradation with increasing number
of thermal shock cycles. The capacitance decreased to less
than half of the initial value, from 9.5 to 3.5 mF, after 500
cycles. From the Nyquist plot of real and imaginary
impedance, we observed that there is a significant increase in
the contact resistance between the current collector and
electrode at 500 cycles (width of semicircle), as shown in
figure 10(b). Even though the electrolyte and diffusion
resistance increase, the contact resistance is dominant, at about
40 Q. To investigate a possible cause, the electrodes were
analyzed under a microscope Olympus BX51. As shown in
figure 11, the microscopic images show microstructural
defects, cracks, and peel-off of the electrode after being
subjected to thermal shock cycling. The degradation in the
microstructure of the electrode layer results in weak contact
with the current collector. This is believed to be due to the
difference in coefficients of thermal expansion for the
materials in the polymer/aluminum/carbon stack and is the
most likely cause for the decrease in the electrical
performance of the supercapacitors.
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(b) removal of the electrode layer (white spot area) and (c) cracks, defects, and peel off of the electrode layer

4. Conclusion

In this work, we report a systematic reliability study of an

organic  electrolyte-based, printable, and flexible
supercapacitor. The devices, which contained 1 M
TEABF.JPC as electrolyte, were shown to operate

successfully over the quite wide temperature range of -40 °C
to 100 °C. The capacitance depends only weakly on
temperature, while the ESR varies considerably. At sub-zero
temperature, the ESR is the main limiting factor in terms of
the electrical performance of the supercapacitor. Despite the
stability to gradually changing temperature, thermal shock
tests cause a significant decrease in device performance. This
is due to an increase in contact as a result of formation of

11

microcracks and defects in the porous electrode layer, which
causes poor electrical contact to the current collector. The
supercapacitors show excellent electrical performance under
cyclic bending tests, confirming mechanical flexibility,
stability, and robustness under up to 10000 bending cycles,
with a minimum bending radius of 0.41 cm. Thus, these
printed, simple structures, and lightweight supercapacitors are
well suited and very promising for wearable and flexible
electronics for energy storage applications.
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