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Flexible micro-supercapacitor (MSC) with in-plane electrodes has attracted
significant attention as microscale energy storage device. Especially, flexible
MSCs with adhesion properties are of great interest for wearable electronics.
Here, we demonstrate a facile and cost-effective mask-assisted drop-casting
method to fabricate adhesive MSC on medical tape using dimethyl sulfoxide
(DMSO) doped poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate)
(PEDOT:PSS) aqueous solution. The fabricated MSC with poly (vinyl alcohol)/
H3PO, gel electrolyte exhibits an areal specific capacitance of 10.96 mFcm™ at a
current density of 0.1 mA cm= with excellent mechanical flexibility. The MSC can
be attached on various substrates due to the stickiness of the medical tape. For
practical application, the MSC can be coupled with a solar cell to achieve a stand-
alone power supply system for a flex senor in monitoring finger movements.
Therefore, we believe that the mask-assisted drop-casting method paves a new
way to develop flexible and adhesive MSCs for self-powered integrated wearable
electronics.
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1 Introduction

The rapid progress in miniaturized and wearable electronics has significantly triggered
the demand for flexible and microscale energy storage devices such as micro-batteries and
micro-supercapacitors (MSCs) (Zheng et al., 2019). Especially, flexible MSCs with in-plane
electrodes are of great interest for powering wearable electronics due to the merits of high
power density, long operating lifetime, high safety, and excellent conformability (Zhao et al.,
2018). The in-plane electrode geometry is free of separator and can facilitate the diffusion of
electrolyte ions to improve the electrochemical performance (Chen et al, 2018).
Furthermore, the flexible MSCs can be easily integrated with energy conversion units
such as solar cells and nanogenerators on one substrate as stand-alone power supply systems
to drive various functional devices (Lin et al., 2019; Zhang et al., 2021).
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To date, tremendous effects have been made to develop various
patterning techniques for fabricating flexible MSCs. The patterning
of in-plane electrodes with different types of active materials can be
classified into two categories: bottom-up and top-down (Zhao et al.,
2020). In the bottom-up approach, the current collectors are
fabricated onto a flexible substrate followed by the deposition of
active materials through diverse approaches such as
electrodeposition (Wang et al., 2011), electrophoretic deposition
(Liu et al, 2013), spray coating (Kim et al., 2015), mechanical
pressing (Gao et al, 2018), and printing (Wang et al,, 2014).
While in the top-down strategy, an etching process is applied to
a thin film of active materials to remove unwanted parts achieving
interdigitated electrodes. Various etching methods have been
involved including dry etching (Wu et al.,, 2015; Liu et al., 2016;
Salles et al., 2018) and wet etching (Xue et al., 2011). The flexible
substrates are commonly polymer foil (Lin et al., 2019), paper (Kurra
et al., 2016), and textile/fabric (Pu et al., 2016), which could sustain
different mechanical deformations, such as bending, folding,
stretching and compressing. However, few of those substrates
could be directly mounted onto the human skin or garments
because they are generally non-adhesive. The introducing of
adhesive substrates may facilitate the attachment of flexible MSCs
on various targets to exert the function. Zhu et al. (2019) reported
skin-mountable plaster-like MSCs using adhesive medical tapes.
Conductive graphite layers were coated on the medical tape by a
drawing process and then MnO, was deposited onto the graphite
layers by a mild in situ redox reaction serving as active material. The

fabricated MSCs not only showed superior adhesion, good flexibility

and  biocompatibility, but also possessed outstanding
electrochemical performances. However, simple and high
throughout electrode patterning methods are still under

exploration for high efficient fabrication of adhesive MSCs for
wearable electronics.

Herein, we report a facile approach to fabricate adhesive MSCs
using aqueous conducting polymer ink and its integration with in-
door solar cell for self-powered wearable sensing system. A mask-
assisted drop-casting method was proposed to prepare the planar
electrodes on 3M medical tape using conducting polymer poly (3,4-
(PEDOT:PSS)
aqueous solution. PEDOT:PSS was doped with dimethyl sulfoxide

ethylenedioxythiophene):poly  (styrenesulfonate)
(DMSO) to enhance the conductivity, serving as both current
collector and active material. The fabricated MSC with polymer
electrolyte poly (vinyl alcohol)/H;PO, (PVA/H;PO,) showed an
areal specific capacitance of 10.96 mF cm™ at a current density of
0.1 mA cm . The tape-like MSCs can be attached on various targets.
The flexible MSC made by this simple approach would be used in a
self-powered energy supple system for flex sensor in recording finger
movements, showing its great promise as energy storage devices for
wearable electronics and Internet of Things.

2 Materials and methods

Fabrication of the MSC: PEDOT:PSS (PH1000, Heraeus) was
mixed with 5wt% of DMSO (Aladdin Bio-Chem) for 12 h under
magnetic stirring, then it was drop-casted onto a piece of medical
tape (2733-50, 3M) that was covered by a stainless steel mask with a
designed parallel electrode shape and dried at 60°C for 1 h. PVA/
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H;3PO, gel electrolyte was prepared following our previous report
(Zhao et al., 2013), and the gel electrolyte solution was drop-casted
onto the localized electrode area and dried at 40°C for 12h for
solidification to get the solid-state MSC.

Assembly of the integrated sensing system: The commercialized
solar cell and flex sensor purchased from the online shop (www.
taobao.com) were used as the energy-harvesting unit and sensing
unit, respectively. The solar cell and the MSC were connected in
parallel to achieve a stand-alone power supply system, while the
MSC, a 47 k() resistor, and the flex sensor were connected in series.
The resistor was used to adjust the current in the circuit.

Characterizations: The surface morphology and microstructure
of the samples were characterized using a field emission scanning
electron microscope (FE-SEM, SU8010, Hitachi). A microscope
(BA310Me, Motic) was used to observe the patterned PEDOT:
PSS electrodes. Raman spectra of the PEDOT:PSS samples were
obtained using a Raman spectrometer (LabRAM HR Evolution,
HORIBA Jobin Yvon) with a 532 nm diode laser.

Measurements: The current-voltage (I-V) curves of the
(CV),
electrochemical

electrodes, cyclic voltammetry
(GCD), and

spectroscopy (EIS) tests of the MSC were performed on an

galvanostatic
charge—discharge impedance
electrochemical workstation (CHI 760E, Chenhua Instruments).
EIS was measured at the open circuit potential in the frequency
range from 100 kHz to 0.01 Hz with potential amplitude of 5 mV.
Cycling stability test and self-discharge test of the MSC were
conducted on a battery test system (CT-4008-5V10mA, Neware
Electronics). Bending tests of the MSC were conducted on a manual
linear stage (DSM 100S-65140L, Zolix). Photo charging test of the
MSC, resistance changes of the flex senor, and the current signal of
the integrated flex sensor were measured using a digital multimeter
(34465A, Keysight).

3 Results and discussion

Figure 1 illustrates the fabrication process of an individual MSC
with a pair of parallel electrodes on medical tape by the mask-
assisted drop-casting method. The DMSO doped PEDOT:PSS
aqueous solution was drop-casted onto a piece of medical tape
that was covered by a mask with a designed parallel electrode shape.
In this work, a rectangular shape with the length of 15 mm and
width of 1.0 mm was chosen to imitate a single electrode. After
drying at 60°C for 1h, a polymer gel electrolyte of poly (vinyl
alcohol)/H;PO, (PVA/H5PO,) was drop-casted onto the localized
electrode area and dried at 40°C for 12 h to finalize the fabrication of
the tape-like solid-state MSC.

Wetting and absorption of the DMSO doped PEDOT:PSS
aqueous solution is limited on the medical tape due to its low
hygroscopicity. The droplet of DMSO doped PEDOT:PSS aqueous
solution did not wet the medical tape immediately, and a circular
PEDOT:PSS pattern with sharp edges and a smaller area than that of
the initial droplet was obtained after drying (Figure 2A). As a result,
it is possible to make various patterns on the medical tape using a
pre-designed mask with DMSO doped PEDOT:PSS aqueous
solution. Heart-shaped and circular patterns nearly identical to
the masks were successfully achieved (Figures 2B-E). This
method is also applicable to other aqueous solutions, such as

frontiersin.org


http://www.taobao.com/
http://www.taobao.com/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1162270

Yuan et al. 10.3389/fmats.2023.1162270

DMSO doped PEDOT:PSS
Mask \ V4 PVA/H,PO,
- 7 Dryin. Electrolyte n—a
y — A rying oy EL -
_/ - - ——
Medical tape -

FIGURE 1
Schematic illustration of the fabrication process of the adhesive MSC.
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FIGURE 2

Patterning the planar electrodes on the medical tape. Photos: (A) the DMSO doped PEDOT:PSS droplet before and after drying on the medical tape.

(B) Heart-shaped mask. (C) Circular mask. (D, E) Heart-shaped and circular PEDOT:PSS patterns on medical tape. (F, G) Heart-shaped and circular MXene
patterns on medical tape. (H) A pair of planar PEDOT:PSS electrodes on medical tape. SEM images of the medical tape (I) before and (3) after PEDOT:PSS
coating. Optical images showing (K) width of the PEDOT:PSS electrode and (L) the interspace between two electrodes.
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FIGURE 3
(A) I-V curves of the electrodes prepared with pure PEDOT:PSS and DMSO doped PEDOT:PSS. (B) CV curves (at 100 mV s™) of the MSCs with
electrodes prepared with pure PEDOT:PSS and DMSO doped PEDOT:PSS.

Frontiers in Materials 03 frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1162270

Yuan et al.

A 0.61——5mVs! 10 mV s 20mVs!
= ——50mVs! 100 mV s
' 0.4
<9
<
E o021
2
‘3
S 0.0
= I
=
2 -0.21
e
=
Q
0.4 -
0.6 . r T T .
0.0 0.2 0.4 0.6 0.8
Voltage (V)
C 15 —5mVs! —10mVs! ——20mVs!
= ——50mV s’ 100 mV s™
[}
= 1.0
<
<
E o5
2
%
S 0.0
=1
=
5
S -0.5-
)
=]
Q
-1.0 -
-1.5 . . T T .
0.0 0.2 0.4 0.6 0.8
Voltage (V)
E ——50 pL em? ——100 pL cm™
~ 20 ——150pL em? —200 uL em?
£ 1.5
<
<
= 104
N’
£ 051
w2
g
S 001
B
5 -05-
1)
=
S -10-
-1.54
2.0 . T T T T
0.0 0.2 0.4 0.6 0.8
Voltage (V)
FIGURE 4

10.3389/fmats.2023.1162270

B oo 10 mV s 20mV s
— 0.8{—50mV st 100 mV s
(2}
£ o6
E 0.4 4
N
2 02
172}
5 004
=] * ’.
g -0.21 l
E
= -0.44
o
0.6
-0.8
0.0 0.2 0.4 0.6 0.8
Voltage (V)
D 50]——5mVst ——10mVs! ——20mVs’
. |—50mvs! 100 mV s
(s}
'z 151
<
< 1.0
£
b=~
Z 054
z
3 0.0
2 =
-
5 -05-
i
)
S 104
-1.54
2.0 T T T T T
0.0 0.2 0.4 0.6 0.8
Voltage (V)
F 18
—a—50 pL cm™ ——100 pL cm™
161 ~—4—150 pL em® —v—200 pL cm™
&
h 14 -
=
<
= 12 1
é ‘\‘\‘—
> 101
)
=
s 84
) .\‘\‘-\-
S 6 —
<
o) o) \
2 -
0 T T r T r
0 20 40 60 80 100

Scan rate (mV s)

CV curves of the MSCs with different DMSO doped PEDOT:PSS solution loadings on the electrodes: (A) 50 uL cm™2, (B) 100 pyL cm=2, (C)
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CV curves.

MXene solution (Figures 2F, G), showing its universality. Figure 2H
shows a pair of parallel PEDOT:PSS electrodes on the medical tape.
A thin layer of PEDOT:PSS could be clearly observed (Figures 21, J).
The thickness of the electrode increased from 68 to 180 um as the
loading of PEDOT:PSS increased from 50 to 200uL cm™

Frontiers in Materials 04

(Supplementary Figure SI1). The patterned electrodes were
imaged using an optical microscopy. Typical width of a single
electrode was measured to be around 1,000 um (Figure 2K). A
straight gap of about 950 um wide was found between two
electrodes (Figure 2L).
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FIGURE 5

Electrochemical performance of the MSC-150. (A) GCD curves and (B) areal specific capacitances at different current densities. (C) Comparison of
energy and power density with that of previously reported flexible MSCs. (D) Cycling performance at 1 mA cm™2 for 4,000 cycles. (E) Nyquist plot. (F) Bode

plot.

I-V curves of the electrodes were recorded to investigate the
electrical properties. At the same loading (50 uL cm™), the
electrode prepared with DMSO doped PEDOT:PSS showed
higher conductivity than that prepared with pure PEDOT:PSS,
as evidenced by the increased slope shown in the I-V curves
(Figure 3A). The effect of DMSO was further confirmed by
Raman Spectroscopy (Supplementary Figure S2). The peak
between 1,400 and 1,500 cm™ corresponding to the C, = Cg
stretching vibration of the thiophene ring on the PEDOT chains,
shifted to red after the addition of DMSO, indicating the changes
of the PEDOT chain from a benzoid to a quinoid structure. And
spontaneously the PEDOT chains changed from coil to
expanded-coil or linear conformations, leading to enhanced
conductivity (Ouyang et al., 2004). The electrical properties of
the electrodes were further investigated in terms of the material
loadings. The resistance of the electrode gradually decreased due
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to the more efficient conducting network formed with higher
material loading (Supplementary Figure S3). Compared to the
MSC with pure PEDOT:PSS electrodes, the device with DMSO
doped PEDOT:PSS electrodes showed better electrochemical
performance due to the increased conductivity (Figure 3B)
(Manjakkal et al., 2020). Hence only the electrochemical
performance of the MSC based on DMSO doped PEDOT:PSS
was studied.

The tape-like flexible MSC was assembled with two
symmetric rectangular-shaped electrodes with total active
geometrical area of 0.2 cm? while a thin layer of PVA/H;PO,
was employed as gel electrolyte. The electrochemical properties
of the flexible MSC were initially evaluated by CV tests in the
voltage window of 0-0.8 V. The CV curves of the MSCs with
different material loadings are shown in Figures 4A-D. When
the loadings of DMSO doped PEDOT:PSS solution on the
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electrodes were varied at 50, 100, 150 and 200 uL cm™?, the
corresponding MSC devices (denoted as MSC-50, MSC-100,
MSC-150 and MSC-200) showed nearly rectangular CV
curves at different scan rates ranging from 5 to 100 mV s,
indicative of ideal capacitive behaviors. And the capacitance
increased with growing amount of DMSO doped PEDOT:PSS
solution (Figure 4E). The areal specific capacitances calculated
based on CV curves are plotted in Figure 4F. The MSC-50
exhibited an areal specific capacitance of 4.96 mF cm™ at the
scan rate of 5mV s' with capacitance retention of 62.7%
(3.11 mF cm™) as the scan rate reached 100 mV s~'. Further
2

increasing the loading to 100 and 150 pL cm™ significantly
improved the areal specific capacitance at 5mV s™' (7.60 and
11.31mF cm™, respectively) with enhanced capacitance
retention at 100 mV s™' (77.9% and 84.3%, respectively). The
improved rate capability can be attributed to the more efficient
conducting network formed with higher PEDOT:PSS loading.
Continuously increasing the loading (200 pL ¢m™>) resulted in
further improvement in capacitance (15.25 mF cm™ at 5mV
s7'), however, deteriorated capacitance retention (82.4%) was
obtained due to the limited ion diffusions in the thickened
electrodes. Thus, in the following tests, the loading of DMSO
doped PEDOT:PSS solution was chosen to be 150 uL c¢m™
(MSC-150) when taking the reasonably high capacitance and
rate capability into account.

The MSC-150 was then galvanostatically charged/discharged
at current densities ranging from 0.1 to 2 mA cm™. Regardless of
the current densities, all the curves showed near-ideal
symmetrical triangular shapes (Figure 5A), indicating the fast
kinetics. The areal specific capacitances at different current
densities calculated based on the curves are summarized in
5B. The MSC-150 exhibited an

capacitance of 10.96 mFcm™ at the current density of

Figure areal specific

2
0.1 mA cm™. The areal specific capacitance of our approach is
higher than that of MSCs fabricated with carbonaceous materials,
such as reduced graphene oxide (8.19 mF cm™?) (Pu et al., 2016),
Nitrogen-doped reduced graphene oxide (3.4 mF cm™) (Liu
et al, 2014), and graphene/multiwalled carbon nanotubes
(2.54 mF ¢cm™) (Yun et al., 2014). And it is also comparable
to that of MSCs with pseudocapacitive materials, such as MnO,
(11.9mFcm™) (Hu et al,, 2016), polyaniline (11.76 mF cm™?)
(An et al,, 2019), polypyrrole (8.15 mF cm™) (Zhu et al., 2017),
and PEDOT:PSS/cellulose (3.18 mF cm™) (Say et al., 2022). As
the current density increased to 2.0 mA cm 2, the areal specific
capacitance remained at 8.25mF cm™. More than 75%
capacitance was retained while the current density increased
by 20-folds, showing good rate performance.

Energy density and power density are two crucial parameters
of MSCs for practical applications. As shown in the Ragone plot
(Figure 5C), the areal energy density of the MSC-150
achieved 0.97 yWh cm™ at a power density of 40 yW cm?,
and retained at 0.73 yWh cm™ at a power density of 800 yW
cm 2. Such performance is superior or comparable to that of the
reported MSCs assemble with different active materials, such as
graphene (0.22 pWh cm™ at 0.37 mW c¢m™?) (Shao et al., 2017),
MnO, (0.047 yWh cm™ at 2.16 yW cm ) (Yang et al., 2019),
MXene (0.08 uWh cm™ at 145 uW cm™) (Tian et al., 2019),
polyaniline (0.71 uWh cm ™ at 40 pW cm™) (An et al., 2019), and
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PEDOT:PSS/cellulose (0.283 pWh cm™ at 0.65 mW c¢m™) (Say
et al, 2022). Therefore, our MSC tape with high energy
and power density holds promising prospect to advance the
practical application in wearable electronics. Additionally, the
cycling stability of the MSC-150 was evaluated at a current
density of 1 mA cm™ for 4,000 cycles, and nearly 100% of its
initial capacitance was retained (Figure 5D).

Electrochemical impedance spectroscopy (EIS) was
conducted from 100kHz to 0.01 Hz to investigate the
electrochemical interface properties of MSC-150. The

intercept point on the real axis at high frequency in the
Nyquist plot (Figure 5E) gives the equivalent series resistance
(ESR) of the MSC (Hu et al., 2017). Our MSC-150 possessed a
small ESR of about 122 Q, which is comparable or better than the
previously reported work, such as reduced graphene oxide
(174 Q) (Wu et al., 2020), and PEDOT:PSS/MoO; (832.2 Q)
(Yoonessi et al., 2019). The device with thickened electrodes
showed a smaller ESR, however, the MSC-200 had lower slope in
compared with MSC-150
(Supplementary Figure S4), suggesting larger mass transfer

the low frequency region
resistance, which is consistent with CV results in Figure 4.
The absence of a semicircle in the high frequency range
indicated the fast ion diffusion in the electrodes (Qi et al.,
2019). The nearly vertical line in the low frequency area
reflected the capacitive behavior. It can be observed that in
the low frequency region of the Bode plot (Figure 5F), the phase
angle (-85°) was closer to the value of an ideal capacitor (-90°),
revealing the ideal capacitive performance of our MSC. The
relaxation time constant, which represents the minimum time
required to discharge the energy from the device with an
efficiency of more than 50%, can be obtained from the Bode
plot with the characteristic frequency (fy) at the phase angle
of —45° where the resistive and capacitive impedances are equal
by using the equation 1, = 1/f, (Qi et al., 2022). The relaxation
time constant of the MSC-150 was calculated to be 2.2 s, which is
comparable to that of DMSO doped PEDOT:PSS based
supercapacitor (2.5s) (Manjakkal et al., 2020).

The MSC tape could endure severe bending from 0° to 180°
(Figure 6A), demonstrating the superior integration capability
for wearable electronics. Additional CV tests were conducted to
evaluate the electrochemical performance of the MSC under
different bending deformations. As shown in Figure 6B, no
noticeable distortions in CV curves can be observed when the
MSC was bent from flat state to 180°, suggesting the high
mechanical stability. Under extreme bending of 180°, the
MSC showed a negligible decay in capacitance (Figure 6C).
The MSC was then bent from 0° to 180° for 500 cycles, and
96.2%
(Figure 6D). These results confirm the superb durability of

the areal specific capacitance was remained at
our MSC upon mechanical deformations, which is originated
from the flexible medical tape substrate, as well as the gel
electrolyte layer which serves as the protecting layer to help
the PEDOT:PSS electrode maintain its structure (Chen et al.,
2014).

Higher voltage or capacitance may be needed to meet the
requirements for a specific application. MSC are generally
connected in series to boost the operation voltage. Figure 7A

shows the picture of three MSC devices connected in series. The
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CV curves of a single MSC and three MSCs connected in series at
the scan rate of 100 mV s™' are presented in Figure 7B. Three
MSCs connected in series can effectively increase the voltage to
2.4V, three times that for a single MSC. In the GCD curves
(Figure 7C), three MSCs connected in series tripled the voltage
window while retaining nearly the same charging/discharging
time. The calculated capacitance of three MSCs connected in
series was 0.74 mF, which was about one-third of that of a
single MSC (2.27 mF). The capacitance of the MSC can be
enhanced simply by employing more pairs of parallel
electrodes. Figure 7D shows the picture of a single MSC with
three pairs of electrodes. In the CV curves (Figure 7E), the
output current of the MSC with 6 electrodes increased by a factor
of ~3 compared to that of the MSC with 2 electrodes. Moreover,
the charging/discharging time increased by ~3 folds as well
compared to that of the MSC with 2 electrodes (Figure 7F).
The capacitances of the MSC with 6 and 2 electrodes were
7.27 and 2.27 mF, respectively. These results reflect the
feasibility of using our MSC as the basic unit for various
output requirements.

Due to the stickiness of the medical tape, the MSC can be
conveniently adhered on various substrates to exert its function.

Frontiers in Materials 08

For example, the MSC was adhered to the glove, cloth, paper,
and wall as shown in Supplementary Figure S5, showing
for wearable
the
electronics, the

great potential as
electronics and Internet

energy storage devices
of Things. To
practicability of our approach in wearable

explore
MSC with 6 electrodes was coupled with commercialized
solar cell and flex sensor to fabricate an integrated self-
powered sensing system (Figure 8A). The MSC could be
charged by the solar cell, and then acted as a power source to
drive the flex sensor for monitoring the finger movements. The
solar cell can work in the indoor environments, which enables
various indoor applications. Under the illumination of the
indoor LED light, the solar cell showed a short-circuit
current of 56 uA and an open-circuit voltage of 2V
(Supplementary Figure S6). The flex sensor is a variable
resistor which is sensitive to bending. Its resistance increased
with the enlarged bending angles as shown in Figure 8B.
The MSC could be charged by the solar cell to 0.8V in
around 200 s, and provided an open-circuit voltage of higher
than 0.15 V for 18 h (Figure 8C). Even at the voltage of 0.15V,
the MSC can still power the flex sensor to detect the finger
movements. When the finger was bent repeatedly, an obvious

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1162270

Yuan et al.

current waveform with about 18% variation of the initial current
was recorded (Figure 8D). These results proved that the MSC
could work with a solar cell to achieve a stand-alone power
supply system for wearable electronics, Internet of Things, and
so forth.

4 Conclusion

In summary, we have developed current-collector-free MSC
tapes for self-powered strain sensing system. The MSC tapes
were fabricated on medical tape by a facile and cost-effective
mask-assisted drop-casting method, which can be applied to
other aqueous inks. The resulting MSC achieved a high
areal capacitance (10.96 mF cm™) and excellent flexibility
(capacitance retention of 96.2% after 500 bending cycles). The
MSC can be conveniently attached on various substrates such as
glove, cloth, paper and wall due to the stickiness of the
medical tape, enabling the application in wearable electronics
and Internet of Things. The MSC can be integrated with a solar
cell and a flex sensor to build a self-powered strain
sensing system, realizing the real-time detection of finger
movements. This study provides a strategy for developing

adhesive energy storage devices for wearable electronics.
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