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HIGHLIGHTS

e Optimizing the current collectors with rGO and the addition of CNT in PPy, and the structural pulverization is prevented significantly.

o Areal capacitances of 65.9 to 70 mF cm™2 are achieved for PPy-CNT@rGO microsupercapacitors (MSCs) with 79% capacitance

retention after 10,000 cycles.

The MSC-derived capacitive micro-strain sensor is capable of biosignals detection.

e The micro strain sensor is capable of detecting wide levels of applied strain with short response/recovery time and excellent reliability.

ABSTRACT Conducting polymers have achieved remarkable attentions
owing to their exclusive characteristics, for instance, electrical conduc-
tivity, high ionic conductivity, visual transparency, and mechanical trac-
tability. Surface and nanostructure engineering of conjugated conducting
polymers offers an exceptional pathway to facilitate their implementation
in a variety of scientific claims, comprising energy storage and produc-
tion devices, flexible and wearable optoelectronic devices. A two-step
tactic to assemble high-performance polypyrrole (PPy)-based microsu-
percapacitor (MSC) is utilized by transforming the current collectors
to suppress structural pulverization and increase the adhesion of PPy,

and then electrochemical co-deposition of PPy-CNT nanostructures on
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rGO@ Au current collectors is performed. The resulting fine patterned MSC conveyed a high areal capacitance of 65.9 mF cm™2 (at a

current density of 0.1 mA cm™2), an exceptional cycling performance of retaining 79% capacitance after 10,000 charge/discharge cycles

at 5 mA cm™2. Benefiting from the intermediate graphene, current collector free PPy-CNT@rGO flexible MSC is produced by a facile

transfer method on a flexible substrate, which delivered an areal capacitance of 70.25 mF cm™~2 at 0.1 mA cm™2 and retained 46% of the

initial capacitance at a current density of 1.0 mA cm™2. The flexible MSC is utilized as a skin compatible capacitive micro-strain sensor

with excellent electromechanochemical characteristics.
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1 Introduction

The fast-increasing need for portable microelectronic
devices, such as microsensors, micro/nanorobots, micro-bio-
medical equipment (e.g., enological stimulators), and radio-
frequency identifiers, has demanded the construction and
design of high-performance micro-energy storage devices
with superficial charge storage characteristic and high com-
patibility with miniaturized electronic devices [1]. Within
this perspective on-chip characteristic, microsupercapaci-
tors (MSCs) have provoked excessive attentions due to their
awesome performance with their long-term cycling stability,
rapid charge/discharge, high power density, high-frequency
response, and attractive reversibility [2]. Currently, signifi-
cant research efforts are devoted to enhancing the energy and
power densities of MSCs by assembling a state-of-the-art
nanostructured architecture of materials with superior sur-
face area and enlightened architectures [3]. Therefore, out
of advanced materials consisting of nanostructures, carbo-
naceous materials and their derivatives such as graphene [4],
onion structure carbon [5], carbon nanotubes (CNTSs) [6],
and carbide derivative carbon [7] have gained much attention
due to their excellent double-layer charge storage behavior,
long-term cycling stability, and suitable operating voltage
window. Despite the important progress in nanostructured
carbon materials, the construction of high-energy MSCs
remains a great challenge for researchers.
Electrochemically polymerized conducting polymers
(EPCPs), rising promising components in pseudocapacitive
materials, show great potential for constructing superca-
pacitors [8—11], rechargeable batteries [12—14], optoelec-
tronic devices [15—17], transistors [18-20], stretchable cir-
cuits [21], and light emitting diodes [22-24], due to their
high electrical conductivity, relatively satisfactory specific
capacitance, transparency, easy fabrication, low cost, and
environmentally benign [25, 26]. The overall capacitance of
conducting polymers (CPs) comes from the reversible redox
reactions of 7—z conjugated double bond present in the poly-
mer complex, in addition to the double-layer charge storage
mechanism of carbon present in the polymer matrix [27,
28]. Irrespective of their superficial potential, the industri-
alization of CPs-based capacitors is stalled by poor cycling
stability owing to the bulk structures which constrain the
consumption of material opening to electrolytes [29, 30].
Secondly, the adhesion of electrochemically polymerized
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film on planar current collectors has low adhesion, which
causes high contact resistance and affects the electro-
chemical performance of the devices [31, 32]. Among CPs,
polypyrrole (PPy), polyethylene dioxythiophene (PEDOT),
and polyaniline (PANI) are the most studied CPs for micro-
electronics applications [33]. To achieve a stable device,
constructing CPs with porous structure is one technique to
overcome the instability problem of microelectrodes. Also,
the electrochemical performance of CPs-based electrodes
can be enhanced via hybridizing CPs with different carbon-
based materials, for instance, graphene, CNTs [34, 35], and
metal oxides such as MnO, [36] and 2D materials such as
MXene [37].

In CPs, PPy is an eye-catching pseudocapacitive mate-
rial because of its comparatively high voltage window, low
toxicity, easy polymerization route, high electrical conduc-
tivity, and comparatively low cost [38—41]. Conversely,
the bulk structure of electrochemically polymerized PPy
and its low cycling stability (<50% after 1000 cycles) and
low adhesion with planar current collectors limit its wide
practicability in energy storage [25, 42]. The formation of
charged nitrogen groups (polarons) on the PPy chain, as well
as the migration of counterions from the electrolyte to PPy
matrix, resulting the matrix to expand when it is oxidized.
To maintain charge neutrality, counterions are pulled back
to the electrolyte during reduction, causing the PPy matrix
to shrink. The structural pulverization and activity loss of
PPy is caused by the constant expansion and contraction [43,
44]. Second, adherence of the PPy film to the current collec-
tor is a problem. Because of its poor dedication stiff nature,
the PPy film always pulls away from the current collector
throughout the electrochemical reaction, resulting in high
resistance and instability of devices. Another issue related to
the electrochemical polymerization of PPy is the spreading
of material on current collectors during long-term electro-
chemical polymerization, resulting in low accuracy in the
areal capacitance of the device [45]. Currently, enormous
efforts have been dedicated to constructing high-perfor-
mance MSCs based on PPy; however, their cycling stability
nor their energy density is adequate for the commercializa-
tion of PPy-based MSCs [46, 47].

Herein, we utilized a two-point strategy to fabricate high-
performance PPy-based MSC by modifying the current col-
lectors to overcome structural pulverization and enhance
the adhesion of PPy film, followed by electrochemical
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co-deposition of PPy-CNT to grow highly porous nanostruc-
tures on rGO/Cr—Au current collectors. The resulting MSC
with fine (negligible spreading of polymer) patterns achieved
a high areal capacitance of 65.9 mF cm™? at a current density
of 0.1 mA cm~? with a remarkable cycling performance,
remaining 79% of the capacitance after 10,000 charge/dis-
charge cycles at a high current density of 5 mA cm™2. Fur-
ther, a current collector-free PPy-CNT @rGO flexible MSC
was fabricated using a facile transfer approach on a flexible
substrate yielding an areal capacitance of 70.25 mF cm™2 at
0.1 mA cm™2, and reserved 46% of the initial capacitance
at a current density of 1.0 mA cm™2. Profiting the flexibility
and high electrical conductivity, the flexible MSC is utilized
as a micro-capacitive strain/pressure sensor with exceptional
electromechanochemical properties.

2 Experimental Section
2.1 Assembly of rGO@Au Current Collector

The microfabrication process of PPy-CNT @rGO MSCs and
microsensor is schematically shown in Fig. 1. A positive
photoresist (PR1-9000A) was employed on a Si/SiO, wafer,
as reported previously [48]. In a nutshell, Si/SiO, wafer
(1.5% 1 cm?) was cleaned using ultrasonication in isopro-
panol alcohol, ethanol acetone, and DI water sequentially.

(a) Micropatterning of photoresist (b) Cr/Au deposition
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In the next step, the PR1-9000A layer was spin coated on
the wafer (500 rpm, 10 s; 5000 rpm, 40 s). After exposing
the sample to UV light through a photomask and developing
it in RD-6 developer, the micropatterned photoresist was
obtained. Thermal evaporation was then used to deposit a
Cr/Au (5/50 nm) layer on the sample. The detailed dimen-
sion of interdigitated electrodes (length and width of fin-
gers) is schematically displayed in Fig. S1. For multilay-
ered graphene, 0.5 mL of 0.05 molar sodium sulfate solution
was combined with GO solution (2 mg mL~!, 20 mL), and
deposition was conducted on a sample by a three-electrode
system at a constant current of 0.5 mA cm~2. Each deposi-
tion of 100 s was repeated to grow multilayered graphene.

2.2 Fabrication of PPy-CNT@rGO MSC

Using a three-electrode setup, the PPy-CNT composite was
electrochemically co-deposited on rGO@ Au micropatterns.
Pyrrole (120 pL) was mixed with deionized (DI) water
(20 mL) by a continuous stirring process to make the elec-
trolyte. Sulfuric acid was used to tune the pH of the solution
to 4.0. An anionic surfactant sodium dodecyl sulfate (SDS,
10 mM) was added into the solution to reduce the deposi-
tion potential and improve the miscibility of PPy, and the
solution was stirred for 30 min until a clear solution with-
out suspended particles was achieved. Carbon nanotubes
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(0.002 g) with an average length of 1-2 um were then soni-
cated into the aforesaid solution until a black suspension
was obtained. The cyclic voltammetry (CV) deposition was
accomplished at a scan rate of 2 mV s~! for 7 cycles (180 s)
under the voltage range of 0-0.75 V. After deposition, the
sample was washed with DI water to remove the unreacted
material and kept in an oven at 60 °C for overnight to get
it fully dried. For fabrication of the PPy-CNT@rGO MSC,
PVA/H;PO, gel electrolyte was employed for further elec-
trochemical characterizations. For PPy @ Au MSCs, the elec-
trolyte solution was prepared by the same way without the
addition of CNTs, and the deposition was performed on Cr/
Au micropatterns.

2.3 Fabrication of PPy-CNT @rGO Flexible MSC/
Pressure Sensor

For the fabrication of interdigitated flexible microelectrodes,
the prepared PPy-CNT @rGO micropatterns on Au/Si/SiO,
were transferred on a cured flexible PDMS substrate. The
substrate was treated with dipropylene as epoxy and after
curing, the PPy-CNT @rGO microelectrodes on Au/Si/SiO,
were placed on the PDMS substrate. The sandwiched micro-
electrodes were placed on a preheated plate at 40 °C under
pressure. After 15 min, the PDMS was peeled from the
silicon substrate. The micropatterns were completely trans-
ferred on the PDMS substrate without any displacement of
the channels. For testing the electrochemical/electromecha-
nochemical properties, the microelectrodes were coated with
desired electrolytes. After drying, the MSC/microsensor was
assembled by covering the microelectrodes with another thin
PDMS membrane except for the contact pads.

2.4 Materials and Characterizations

A field emission scanning electron microscope (FE-SEM,
JSM-7100F) and an optical microscope (Sunny Optics,
50/100 objective) are used to examine the surface morphol-
ogy and structure of samples. The submicron features of
microelectrodes are studied using a transmission electron
microscope (TEM-1400-P). Raman spectra of samples are
collected using a Renishaw RM-1000 laser Raman micro-
scope instrument. The microelectrodes thickness is meas-
ured with a step surface profiler (ET4000A). BET surface
area is obtained by Horiba SA-9600. A VG Multilab 2000

© The authors

is utilized to record X-ray photoelectron spectroscope (XPS)
spectra of samples. The CHI-760 and Autolab PGSTAT302N
electrochemical workstations are employed to carry out the
electrochemical testing.

3 Results and Discussion

3.1 Morphological and Structural Characterizations

The digital photograph of Cr/Au micro-current collectors
on a Si/Si0, wafer is displayed in Fig. 2a, whereas the inset
shows the optical microscopic image of electrodeposited
rGO uniformly coated on Cr/Au micropatterns. The advan-
tage of post-lift-off is fine micropatterning of rGO@Cr/
Au without any graphene sheets within the interspace of
microelectrodes. The post-lift-off deposition resolved the
problems of spreading of rGO in finger interspaces which
leads to short circuits, and the spreading of polymer during
the second deposition. Also, the electrodeposited layered
graphene is highly stable, and a fine pattern even after lift-off
in acetone is obtained.

The detailed microscopic and SEM images of rGO on
Cr/Au patterns are displayed in Fig. S2. Figure 2b shows
the optical microscopic image of the PPy-CNT composite
electrochemically deposited on rGO@ Au micropatterns.
For controlled deposition (at low potential and short time),
the polymer-CNT composite is precisely deposited on the
rGO@Cr/Au microelectrodes resulting in the development
of a very fine micropattern without the spreading of polymer
within the interspace between the fingers of electrodes. The
electrochemically deposited rGO on Cr/Au micropatterns
has surface step layers and fringes (Fig. 2c) which are suit-
able for the deep penetration of electrolyte ions, and also
useful for the growth of highly stable PPy-CNT composite
with low contact resistance and strong surface adhesion. The
PPy and PPy-CNT electrolytes prepared for electrochemi-
cal deposition and corresponding PPy and PPy-CNT micro-
electrodes are displayed in Fig. S3a—d. Figure 2d shows the
SEM image of the PPy-CNT@rGO aerogel-type structure
of microelectrode for a short polymerization time (10 s).
The CNTs along with the polymer matrix were deposited
on the rGO. Figure 2e shows the low-resolution SEM image
of PPy-CNT @rGO microelectrodes. Figure 2f displays the
polymer-coated CNTs with highly porous structure and
enhanced surface area, offering high specific surface area

https://doi.org/10.1007/s40820-023-01027-3
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Fig. 2 Structural characterization results. a Photographic image of interdigital Cr/Au micropatterns, the inset shows the microscopic image of
rGO @ Au microelectrodes. b Optical image of PPy-CNT@rGO MSC. ¢ SEM image of electrodeposited rGO on micropatterns. d SEM image of
PPy-CNT on rGO by short-time deposition. e, f Low- and high-resolution SEM images of PPy-CNT composite electrochemically deposited on
rGO @ Au micropattern. g TEM image of PPy-CNT. h Raman spectra of CNTs, PPy and PPy-CNT microelectrodes

and the ability to compensate for large volumetric changes
during electrochemical performance. Further assimilation
of CNTs in PPy matrix is displayed in Fig. S4. TEM images
of co-electrodeposited PPy-CNT and pristine PPy are dis-
played in Figs. 2g and S5. The CNTs are fastened within
the polymer matrix and facilitate the aligned growth of the
polymer. The decrease in the interspace distance with pyr-
role polymerization of 180 s is displayed in Fig. S6a-d. The
interspace distance decreased to 25 um from 180 um with
a deposition time of 3 min, which results in an increase of
overall 19% area of microelectrodes and low accuracy in
energy and power of the device. The thickness of the elec-
trodes is measured with a step surface profiler. The average

SHANGHAI JIAO TONG UNIVERSITY PRESS

thicknesses of the PPy@Au, PPy@rGO/Au, and PPy-
CNT@rGO/Au microelectrodes are found to be 3.2, 2.8,
and 4.2 um, respectively (Fig. S7). Figure 2h demonstrates
the Raman spectra of CNT, PPy, and PPy-CNT. The CNT
reveals two distinctive peaks at 1354 and 1581 cm™!, tailored
to disorder mode (D-band) and tangential mode (G-band),
separately. The distinct peaks of primeval PPy and PPy-
CNT at 920 and 974 cm™! resemble to C-H deformation
plane and polaron arrangements of pyrrole rings, respec-
tively. Similarly, the peaks at 1053 and 1043 cm™! match
well with C-H in-plane deformation of PPy and PPy-CNT,
respectively. PPy-CNT shows an additional peak positioned
at 1329 cm™!, probably due to C—C stretching. In addition,

@ Springer
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for PPy-CNT, the C=C vibration bond shifts to 1577 cm™'  PPy@Au are displayed in Fig. 3c, d, respectively. The sharp
(for PPy, C=C vibration peak is located at 1575 cm™ ). peak located at 399.7 eV is attributed to the (-N-H) charge-
Associated with CNT, the D-band is not perceived and the  free nitrogen present in the PPy ring. The second merged
G-band is stretched for PPy-CNT, signifying the PPy coat-  peak positioned at 400.3 eV corresponds to the (-N-H*)
ing on the surface of CNT. To obtain the quantitative data  state. The third peak with a little high intensity at a binding
on the specific surface area (SSA) and pore size/volume,  energy of 401.8 eV is attributed to =N-H*, which might
we performed BET analysis of PPy-CNT@rGO and pristine ~ come from the existence of bipolaron charge haulers inside
PPy (Fig. 3a, b). The results demonstrate that PPy-CNT@  the PPy matrix.
rGO possesses a high BET surface area of 81.25 m? g~! with However, for the N1s spectrum in PPy-CNT@rGO, the
a pore volume of 0.183 cm® g~!. The pristine PPy possessed ~ converse phenomenon is anticipated because, in N atoms,
alow BET surface area of 37.4 m? g~! with a pore volume of ~ the electron density upswings over the establishment of
0.108 cm® g~! which is almost half of the PPy-CNT@rGO.  the hydrogen bonds. This characteristic future is observed
The enhanced SSA and appropriate pore volume (analogous  in Fig. 3d where a negative shift of the N Is spectrum
to the volume of electrolyte ions) are beneficial to the large  designates the electron donation within the oxygen func-
area permeation of electrolytes for high electrochemical  tionalities of carbon, and is responsible for the electron
performance. displacements in the locality of the nitrogen atoms. The
High-resolution X-ray photoelectron spectroscopy (XPS)  atomic percentages of carbon and oxygen atoms in PPy-
investigation was executed to reveal the promising bonding, =~ CNT@rGO are higher than those of PPy @ Au due to the
comprising of oxidation states of PPy-CNT @rGO nanocom-  addition of CNTs and some oxygen functional groups in
posite and PPy @ Au besides their estimated composition. graphene (Fig. 3e). Similarly, in O 1s XPS spectra, the
The XPS spectra of core level N1s of PPy-CNT@rGO and
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Fig. 3 a, b The nitrogen adsorption—desorption isotherms of PPy-CNT@rGO and pristine PPy. The insets show the corresponding pore size dis-
tributions. ¢, d XPS spectra of N1s core level of PPy-CNT@rGO nanocomposite and PPy @ Au, respectively. e, f Deconvolution of the C 1s and
O 1s spectra of PPy-CNT@rGO and PPy@ Au
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intensity of oxygen peak in PPy-CNT @rGO is higher than
that of PPy @ Au (Fig. 3f).

3.2 Electrochemical Performances MSCs

To evaluate the electrochemical activity of PPy-CNT@rGO
quasi-solid-state MSC, the electrochemical experiments
were executed by a two-electrode system using PVA/H;PO,
gel electrolyte. Figure 4a, b displays the cyclic voltamme-
try (CV) curves (scan rate of 100 mV s~!) and galvano-
static charge/discharge (GCD) curves (at a current density
of 1 mA cm™2) of PPy-CNT@rGO and PPy@Au MSCs,
respectively. The CV curve of PPy-CNT@rGO shows a
quasi-rectangular shape even at such an elevated scan rate,
whereas, for PPy@Au MSC, due to its high ion transport
resistance, low porosity, and low electrical conductivity, the
shape of CV curve is not rectangular, showing the nonlin-
ear relationship of applied voltage and output current. Also,
it is significant from Fig. 4a that the capacitance of PPy-
CNT @rGO MSC is higher than that of PPy@Au MSC. The

reason is the high surface area with the enhanced porous
structure of PPy-CNT composite deposited on rGO, which
has high electrical conductivity and good adhesion to the
substrate for delivering current rapidly. The similar results
can be drawn from the GCD curves of both the MSCs. The
discharge time of PPy-CNT@rGO MSC is longer than that
of PPy @ Au MSC with a very small iR drop compared with
that of PPy @ Au MSC (Fig. 4b). To further evaluate the elec-
trochemical performance of PPy-CNT@rGO MSC, the CV
curves at diverse scan rates (2-100 mV s~!) were taken and
displayed in Fig. 4c. The representative rectangular nature
of CV curves even at 100 mV s~! and rectilinear variation
in current with scan rate shows a typical pseudocapacitive
mechanism, excellent rate proficiency, and reversibility of
PPy-CNT@rGO MSC. GCD is the most versatile method
for the actual evaluation of electrochemical capacitive
performance. GCD tests were performed at different cur-
rent densities (from 0.1 to 1 mA cm™2) within a voltage
window of 0—1 V (Fig. 4d). The CV curves at higher scan
rate (0.2 to 0.5 V s7!) and GCD curves at higher current
densities (2 to 10 mA cm™2) are displayed in Fig. S8. On
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Fig. 4 a CV curves of PPy-CNT@rGO and PPy@Au MSCs at a scan rate of 100 mV s~'. b GCD curves of PPy-CNT@rGO and PPy@Au
MSCs at a current density of 1 mA cm™2. ¢ CV curves of PPy-CNT@rGO MSC at different scan rates from 2 to 100 mV s~'. d GCD curves of
PPy-CNT@rGO MSC at different current densities from 0.1 to 1.0 mA cm™2. e Areal capacitance at different scan rates with the potential range
from O to 0.8 V. f Capacitance separation analysis of PPy-CNT@rGO MSC at a scan rate of 5 mV s~
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increasing the scan rate of PPy-CNT@rGO MSC from 200
to 500 mV s~!, the shape of CV is still quasi-rectangular,
showing the high rate performance of PPy-CNT@rGO MSC
(Fig. S8a). Further, on increasing the current density from 2
to 10 mA cm™2, the value of iR drop is increased from 0.05
to 0.15 V, hence maintaining the triangular shape of GCD
curves (Fig. S8b).

For PPy@Au MSC, at a low scan rate, the shape of the
CV is quasi-rectangular which becomes skewed as the scan
rate increases, resulting in the poor rate performance of the
PPy @ Au device. The areal capacitances of PPy@Au MSC
calculated from GCD (at 0.1 mA cm™2) and CV (scan rate
of 2 mV s7!) are 37.7 and 37.2 mF cm™2, respectively. For
comparison, the CV (at various scan rates) and GCD (at
different current densities) curves of PPy@Au MSC are
illustrated in Fig. S9. The area-specific capacitance of PPy-
CNT@rGO MSC at a current density of 0.1 mA cm™ is
calculated to be 65.9 mF cm™2, which is the highest among
on-chip planar PPy-based MSCs. Also from the CV curves
at a scan rate of 2 mV s~ the areal capacitance is calculated
to be 64.8 mF cm~2 which matches well with the capacitance
calculated from the GCD curves.

As PPy stores charge by means of reversible electro-
chemical doping, that is categorized by a slightly quad-
rilateral cyclic voltammogram which will reveal a set of
reversible redox peaks. This procedure includes either
the oxidation of the CP backbone with the simultaneous
addition of an anion through the electrolyte (p-doping),
or the removal of cation from polymer back to the elec-
trolyte, producing unconstrained charge carriers alongside
the polymer chains. The CV profiles of PPy-CNT@rGO
electrode at a comparatively high scan rate look almost
rectangular. However, at the low scan rate (2 mV s_l),
there are sharp redox peaks at the edges and a wide peak
around 0.35 V (Fig. 4e). Based on Fig. 4c, the capacitance
contributed by surface capacitive effect and diffusion-
controlled contribution in overall capacitance is calcu-
lated by Eq. (1):

i(v) = k1v+k2v% (D

where i(v) represents current under a spelciﬁc voltage, k;
and k, are two constants, and k;v and k,v2 denote the cur-
rents contributed by surface capacitive effect and diffusion-
controlled processes, respectively.

By employing Eq. (1), the capacitive and diffusion-con-
trolled contributions are calculated to be 75%, 78%, 82%,

© The authors

and 88% at scan rates of 5, 10, 20, and 40 mV s~', respec-
tively (Figs. 4f, S10d).

To calculate the rate capabilities of the fabricated MSC,
the relationship of areal capacitance with scan rate and cur-
rent density is measured and displayed in Fig. 5a, b. On
increasing the scan rate, the areal capacitance decreases
and remains almost linear (Fig. 5a). At a high scan rate of
100 mV s~!, the PPy-CNT@rGO MSC retains 55.3% of its
initial capacitance at 200 mV s~! (compared with ~30% of
PPy@ Au), showing the device’s good rate capability and
excellent reversibility. Figure 5b displays the effect of areal
capacitance on current density. As the value of applied
current increases, there is a decline in the capacitance of
MSC. When the current density is increased from 0.1 to
1 mA cm™2, the areal capacitance is decreased from 65.9 to
47 mF cm™2, retaining 71.2% of the capacitance (compared
with 51% for PPy @ Au), displaying the good rate capability
of PPy-CNT@rGO MSC.

Figure 5c demonstrates the complex Nyquist plots (fre-
quency range of 107 to 10° Hz) of the PPy-CNT@rGO and
PPy @Au MSCs. The consolidated resistance of the MSCs
is deliberated by the addition of effective series resist-
ance (ESR) and equivalent distributed resistance (EDR)
in the high-frequency constituency of plot, which is about
150 Q for PPy-CNT@rGO and 246 Q for PPy@Au MSC,
respectively. This is due to the fact that embedded CNTs
improve electrical conductivity and lower the ohmic resist-
ance. Besides, the enhanced surface area of the PPy-CNT
composite enables the electrolyte contact with the polymer
CNTs matrix to form a double layer and ultimately in the
low-frequency region, the EIS plot of PPy-CNT@rGO is
nearly parallel to the y-axis (imaginary axis) which vali-
dates the low ions diffusion resistance and perfect charge
storage mechanism of the MSC. However, the deflection
of the plot in the low-frequency region for PPy@Au MSC
away from the imaginary axis is due to the high ion diffusion
resistance in the bulk of PPy deposited on Au. One of the
utmost essential electrochemical tests for CPs-based MSCs
is the cycling stability measurement. PPy-CNT@rGO MSC
was cycled for 10,000 charge/discharge successive cycles

at 5 mA cm™2

within a voltage window from 0 to 0.8 V
(Fig. 5d). The quasi-solid-state MSC showed an excellent
cycling performance, retaining 79.8% of the initial capaci-
tance after 10,000 GCD cycles, which is higher than previ-
ously reported rGO and PPy-based MSCs [49, 53-55]. For

comparison, the PPy@Au MSC is cycled under the same

https://doi.org/10.1007/s40820-023-01027-3
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Fig. 5 a, b Areal capacitance as a function of scan rate and current density for PPy@ Au and PPy-CNT@rGO MSCs. ¢ EIS curves of the fabri-
cated solid-state MSCs, and the inset shows its zoom view at the high-frequency region. d Cycling stability of MSC measured at a very high cur-
rent density of 5 mA cm~2 within a voltage window of 0.8 V. e EIS curves of the fabricated solid-state MSC before and after 10,000 cycles. The
inset shows its zoom view at high-frequency region. f Ragone plot revealing areal energy density vs. power density of PPy-CNT@rGO MSC in
comparison with recently reported CPs-based MSCs [49-52]. g, h, i CV, GCD and cycling stability curves of current collector-free PPy-CNT @

rGO flexible MSC

conditions and the results are displayed in Fig. S11. The
excellent cycling performance of PPy-CNT@rGO MSC is
due to two factors. The first one is the flexible nature of rGO
current collectors which will accommodate the structural
pulverization of the polymer through uninterrupted charge/
discharge cycles due to the exchange of polarons between
the electrolyte and active material. Secondly, the addition
of CNTs modifies the structure from bulk to porous of the
PPy matrix which is favorable to accommodate large volu-
metric changes and also enhance the surface area to boost
the electrochemical performance. The highly stable rGO
with many wrinkles on its surface increases the adhesion

)
)
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of the polymer composite with current collectors, ensuring
low contact resistance and superior electrical conductivity.
The coulombic efficiency of the MSC is calculated by using

Eq. (2).

24 100
n= A_c X 2)
where At and Az, represent the discharge and charge time,
respectively. Figure S12 shows that the coulombic efficiency
of a PPy-CNT@rGO MSC increases from 80.7% to 98.9%
as the current density increases from 0.1 to 1.0 mA cm™>
with a little iR drop, which confirms the excellent charge/
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discharge reversibility of the MSC, even with a high areal
capacitance of 65.9 mF cm~2. The PPy@Au MSC could
attain a Coulombic efficiency of 75% and 94% at a current
density of 0.1 and 1.0 mA cm™2, respectively.

The electrochemical impedance spectroscopy (EIS) tests
were performed before and after cycling for PPy-CNT@
rGO MSC (Fig. 5e). The compared charge transfer resist-
ances of PPy-CNT@rGO before and after cycling show a
small increase in the resistance of the device after 10,000
GCD cycles. We attribute this to the porous structure of PPy-
CNT composite and strong adhesion with current collectors,
which are advantageous to the long-span cycling stability
of the MSC. Contrary to this, the PPy@Au MSC has a low
cycling performance of 49% after 10,000 charge/discharge
cycles due to the low adhesion and structural pulverization
of the PPy matrix. The energy and power densities of PPy-
CNT@rGO and PPy @ Au MSC:s are calculated and sketched
in Fig. 5f. The fabricated PPy-CNT@rGO MSC delivered

2 and

the maximal areal energy density of 5.8 pWh cm™
the maximum power density of 0.4 mW cm™2 at an energy
density of 4.17 uWh cm~2, which is higher than those of
previously reported on-chip planar polymer-based MSCs,
as displayed in Ragone plot (Fig. 5f). The PPy@ Au MSCs
achieved the maximum energy density of 2.7 uyWh cm™2 and
the maximum power density of 0.348 mW cm™ at an energy
density of 1.45 uyWh cm™2. Table S1 shows the comparative
electrochemical performances of the recently reported con-
ducting polymers such as PPy, PEDOT, and PANI and their
composites-based MSCs in details.

For practical applications in electronic devices/systems,
the microdevices are usually coupled in series or parallel to
get desired energy and power. Herein, we demonstrate the
practicability of MSCs by connecting them in series and
parallel. By connecting three MSCs in a series configuration,
a voltage window up to 2.4 V is achieved without the promi-
nent loss in capacity (Fig. S13a, b). Also, the CV and GCD
curves of single and three MSCs in series show evidence of
the compatibility of MSCs in electronic circuits. By joining
three MSCs in parallel, a threefold discharge time beyond
a single device is attained at a constant potential of 0.8 V.

Current collectors play a vital role in the performance
of an energy storage device. Concerning MSCs, material
design, processing, and current collectors’ surface properties
can impact considerable variations in energy density, power
output, cycling stability, and other crucial performance
constraints. However, the metallic current collectors hinder

© The authors

the plasticity of the devices to make flexible electronics.
Furthermore, a current collector-free flexible MSC is also
achieved by transferring the PPy-CNT@rGO microelec-
trodes on a flexible substrate. Figure S14 shows the digital
photographs of the PPy-CNT @rGO flexible MSC. It is clear
that after transferring, the micropatterns are still stable and
maintain their shapes without any deformation and short
circuit of microelectrodes. Figure 5g shows the CV curves of
PPy-CNT@rGO flexible MSC at the diverse scan rates from
5to 40 mV s~!. At a low scan rate, the shape of the CV is
rectangular, showing the typical pseudocapacitance and high
electrical conductivity even without metal current collectors.
As more active material is exposed to electrolyte after trans-
ferring on a flexible substrate, the areal capacitance of the
MSC is increased. However, the rate performance is affected
because the flow of electrical charges from polymer matrix
at a high scan rate is less than that of Au current collectors.
The areal capacitance from GCD curves at a current den-
sity of 0.1 mA cm™2 is calculated as high as 70.25 mF cm™>
(Fig. 5h). Further, areal capacitances are plotted against
current densities to show the rate performance of flexible
PPy-CNT@rGO MSC (Fig. S15a). At a current density of
1.0 mA cm™2, the MSC retained 46% of the initial capaci-
tance at 0.1 mA cm™2, hi gher than or comparable to those of
many carbons based on previously reported MSCs [56, 57].
To know the long-term stability of metal-free PPy-CNT @
rGO MSC, repeated charge/discharge cycles at a current
density of 1 mA cm™2 are performed for about 10,000 cycles
within a voltage window from O to 0.8 V. The metal-free
flexible MSC delivers an excellent cycling performance,
retaining 86% and 76% of the initial capacitance after 5000
and 10,000 cycles, respectively. Figure 5i shows the GCD
profiles of the MSC with the inset showing the first and
last five cycles. The rGO facilitates the power output in the
absence of metal current collectors in addition to preventing
structural pulverization of the polymer matrix. The in situ
EIS is utilized for simultaneous measurements of the imped-
ance spectra with charge/discharge curves by galvanostatic
control (Fig. S15b). The Rs and charge transfer resistance
(R, after the first cycle obtained from the simulation of
the Nyquist plot are 121.2 and 0.8 Q, respectively. During
10,000 charge/discharge cycles, the Rs increases to 122.5 Q,
whereas the Ret increased to 85.2 Q. The increased R, sug-
gests that the PPy-CNT @rGO flexible microelectrodes suf-
fer ions diffusion resistance after such long cycling, resulting
in a 24% capacitance decay after 10,000 cycles. The high

https://doi.org/10.1007/s40820-023-01027-3
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electrical conductivity and flexibility of the current collec-
tor-free MSC extend its utilization toward flexible electronic
devices.

3.3 MSC as a Capacitive Micro-Strain Sensor

Flexible pressure/strain sensors are required for numerous
applications, for instance, human organ motion sensing,
health monitoring, robotics, and human—machine interac-
tion. For such types of applications, the sensors must be
lightweight, highly compatible with electronic devices,
soft, and mechanically durable for long-term use. Strain
sensors are performed as transducers, which transform
an applied mechanical distortion of strain into electronic
signals such as a variation in resistance, capacitance, cur-
rent, or voltage, depending on the type of sensing mecha-
nism utilized in the sensor. Capacitive pressure sensors
in recent era are constructed similar to the architecture of
thin film capacitor, which contains two conducting elec-
trodes stacked together with a dielectric layer/electrolyte
between electrode plates [58—60]. The sandwich-like
configuration is applicable to most of the active materials
as well as cost-effective for mass production. However,
from practical aspects, it suffers from obvious drawbacks,
such as possibility of short circuit with applied pressure,
unwanted dislocation of electrodes, and utilization of more
active materials. The second limitation of stacked design
is to control the small distance (50-100 um) between
electrodes which normally decides the response time of
the sensor. Compared with conventional sandwich-like
design, the planar interdigital design of electrodes has
more advantages despite their complex synthesis process.
The prominent advantage of in-plane interdigital design is
the narrow interspace for the dielectric layer between the
electronically isolated electrode fingers obtained by lithog-
raphy and transfer method. The finger electrodes with
micrometer size are easy to produce tensile strain under
tiny stress and give strong signals in the form of current,
voltage, or resistance variations. Similarly, the micropores
in active materials can instantaneously diffuse the electro-
lyte ions into the interspaces within the electrodes when a
certain pressure is applied and intercalate the ions back to
the pores while releasing the pressure, giving rise to the
variation in electronic signals with faster response. We
utilized PPy-CNT@rGO MSC as a micro-strain/pressure

| SHANGHAI JIAO TONG UNIVERSITY PRESS

sensor on an elastic substrate to record applied stress and
human organs motion, which demands numerous patterned
designs based on the purpose of identifying mechanical
deformations, for instance, bending, stretching, and pulse/
beat detection. The microelectrodes with low deposition
time and less thickness compared with MSC were trans-
ferred on a flexible PDMS elastomer.

The cured PDMS was treated with two different electro-
lytes depending on the desired performance. The MSC with
quasi-solid-state electrolyte (PVA/LiCl) gives higher initial
output currents at different applied potentials. Figure 6a
shows the schematic of the fabrication of flexible micro-
strain sensor. The transferred microelectrodes are covered
with another thin PDMS slab. One side coated with elec-
trolyte is directed toward to microelectrodes. The applied
stress in this case lowers the value of current to the minimum
value at the maximum applied stress. At different applied
voltages, the sensor gives different output currents due the
different amounts of charge stored in the device. By applying
variable stresses, the current starts decreasing and finally
reaching zero at applied stress of some level. The pores
inside the microelectrodes shrink under applied force and
lower the output current to its lowest value. Figure 6b(I-I11)
displays the current vs. time profiles of microsensor at 0.2,
0.5, and 1 V, respectively. At 0.2 V, the initial output current
obtained by sensor is about 3 uA. With the applied stress,
the current reduces and finally approaches the minimum
value. On releasing, the sensor again achieves almost the
same initial current. Multiple repetitions were made with
specific time interval of press and release, and DC current-
like waves are obtained with quick response (Fig. 6b-I).
Similarly, Fig. 6b(II-III) displays the similar behaviors at
different applied voltages of 0.5 and 1 V, respectively, with
different output signals. To verify the effect of applied pres-
sure on output current signals, we performed linear scan
voltammetry (LSV) at relax conditions and under different
stresses up to 40% (4 kPa). At relax state, e.g., at the applied
stress of 0 Pa, the sensor displayed a maximum current of
3 pA around 0.2 V, whereas, at the applied stress of 4 kPa,
the value of current is reduced to 0.1 pA, which approaches
to zero at comparatively higher strain. The other values of
current at different stress of 10%, 20%, and 30% are dis-
played in Fig. 6¢. Similarly, the CV curves of the assembled
flexible MSC at a scan rate of 40 mV s~! under different
applied stress from 0 Pa to 10 kPa verify the LSV results.
The CV curves and corresponding digital photographs of the
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Fig. 6 Electromechanochemical performance of the MSC-derived MSS. a Schematic diagram of flexible MSS. b Variation in current with
change in applied stress at different applied voltages for flexible MSS. ¢ Current voltage curves of micro-strain sensor under various applied
stresses from 0 to 40% within voltage limits of —0.2 to 0.2 V. d The response and decay curves at different angles. e The relative change in
capacitive current from the gradual wrist bending and relaxing over five bending angles of 10°, 25°, 45°, 75°, and 90°, respectively. f Mechanical
test results of cyclic durability for 2500 stress/release cycles at an applied voltage of 1.0 V and a maximum stress of 50 kPa. The inset shows the
response time (rise and decay time). g Cyclic durability for 800 bending/release cycles for PSA/PVA microsensor with the maximum bending

angle of 90°. The inset shows the first and last few cycles

pressure gauge displaying the different amounts of applied
stress are displayed in Fig. S16.

To demonstrate the sensitivity of sensor, we choose the
wearable applications, where the motions of bending, and
relaxing of a wrist are observed. The microsensor is placed
on the wrist joint (between radius and ulna) and at differ-
ent bending angles, the electrical signals were recorded

© The authors

(Fig. 6d). After each bending at specific angle, the wrist
is brought back to initial position, and the rise and decay
currents are recorded with fast response. Furthermore, the
continuous strain steps without relaxing wrist are applied
to observe the practicability of the microsensor. The wrist
bending gestures consist of six angles starting at relax (hori-
zontal) position is 0°, and then, it is bent to 10°, 25°, 45°,

https://doi.org/10.1007/s40820-023-01027-3
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75°, and 90°, respectively. The current steps increase linearly
as the bending angle steps increase. The similar variations
in the current are observed while relaxing the wrist back to
the normal position. However, due to uncontrolled move-
ment, there are some dissimilarities in current profile during
unloading strain (Fig. 6e). In order to test the electromechan-
ical stability, the sensor was subjected to continuous stress
and relax repetitions for more than one hour (2500 stress/
relax cycles). The sensor presented a stable response within
2500 consecutive cycles (Fig. 6f). One of the most signifi-
cant parameters of a pressure sensor is the response and
recovery time. The interdigital strain sensor displayed a low
response and recovery time of 0.9 and 2 ms, respectively (the
inset in Fig. 6f), much shorter than those of recently reported
traditional capacitive strain sensors. Similarly, to further
verify the current retention rate and stability, the PSA/PVA-
based sensor is cycled for more than 800 bending cycles.
The sensor displayed stable current time profiles with almost
100% current retention. The configuration and response/
recovery time of our integrated microsensor and recently
reported traditional capacitive strain sensors are compared
in Table S2. These results demonstrated that the interdigital
flexible micro-strain sensor is capable of sensing different
ranges of stress (from less than 1 Pa to 10 kPa) with high
sensitivity, short response/relaxation time, and small size
compatible with the latest miniaturized electronic devices.
Figure 7a proposes the operation mechanism of pres-
sure-sensing for pseudocapacitive iontronic PPy-CNT @
rGO// PPy-CNT @rGO microsensor. With the initial input
voltage, the positive and negative charges are consistently
disseminated at both ends of interdigitated PPy-CNT @
rGO//PPy-CNT@rGO electrode, respectively. Owing to
the admirable capability of pseudocapacitive combina-
tion electric double-layer capacitance of PPy-CNT@rGO
electrode, the positive and negative electrolyte ions are
evenly distributed at the interface between electrolyte and
PPy-CNT@rGO active material. Hence, the neighboring
interspace electrode and PVA/PSA gel electrolyte develop
a microsupercapacitor unit Ci, the PPy-CNT @rGO// PPy-
CNT@rGO microstructure is equivalent to sensor com-
posed of capacitors C1, C2, ..., and Cn in parallel. The
corresponding diagram of the equivalent circuit for the
sensor is shown on the right of Fig. 7a, where the electrode
resistance R is considered in the circuit, and the applied
voltage of the capacitor acts as the power supply V. When
a definite amount of pressure is applied on the sensor,

SHANGHAI JIAO TONG UNIVERSITY PRESS

internal microstructure of PPy-CNT @rGO active materi-
als is distorted due to the external pressure. During the
stress, the gel dielectric layer fills the channels between
the fingers of the interdigitated PPy-CNT @rGO electrode
due to deformation. Moreover, the close contact of porous
PPy-CNT increases the electron transmission path and suf-
ficient interface between active material and electrolyte,
reducing interface contact resistance and charge transfer
resistance. Under the action of an improved interior elec-
tric field inside PPy-CNT@rGO intervened electrode,
more electrolyte cations and anions separate and collect at
the electrode/electrolyte interface. The effect of enhanced
pseudocapacitance and electric double layer produces cur-
rent response toward external pressure.

One of the problems with traditional capacitive sensor is
the detection of weak mechanical signals of pressure less
than 1 Pa. According to the equation of sensitivity below,
the sensitivity of a pressure sensor is related to the area of
electrodes and the relative distance between the electrodes.

S=<ix%xi>—le 3)
A, d €r, AP

By changing one of the values of A, d, or € or simul-
taneously, the sensitivity will be improved. As-prepared
flexible pressure sensor possesses an interdigital distance
of 100 um with flexibility to the tensile strain resulting
in large variation in signals with the minimum time. To
detect the bio signals, the sensor is kept on human wrist
and the pulse beats are recorded in the form of variation in
current signals at a low operating voltage of 50 mV. The
number of pulse oscillations recorded in 35 s is 42, which
is with uniform interval (Fig. 7b).

In order to further explore the application of sensors in
wearable Eskin sensing applications, hyoid bone move-
ment in the swallowing process was detected by flexible
microsensor. To observe normal hyoid bone movement,
physicians conduct X-ray video fluoroscopic swallowing
tests, which even though is a standard technique, still have
limitations such as exposure to radiation and high cost.
The flexible microsensor is capable of tracking the hyoid
bone movement by attaching the sensor to the surface
of the human neck. Figure 7c displays the current time
profile of the sensor attached to the user’s neck. During
deglutition, the hyoid bone moves up and down sequen-
tially and exerts stress on the microsensor. The change in
stress is observed as a variation in electrical signals. Such
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a sensor-supported approach leads toward a substitute and
widely available technique for online hyoid bone motion
tracking without any harmful radiation side effects, and
offers a distinct and flexible approach for diagnosing dys-
phagia and other deglutition disorders.

Moreover, to investigate the biosignal sensing capability,
the microsensor is attached to the arm flexors. The cur-
rent signals increase with the muscle expansion caused by
making a tight fist grip, and then came back to the origi-
nal state after relaxing the hand with muscle contraction
(Fig. 7¢). The results validate the potential application of
flexible microsensor in directing the physical training and

© The authors

recovery of muscle injury by detecting the current vari-
ations through the movement of body parts. Finally, the
pressure sensor was utilized for the detection of breath-
ing. As seen in Fig. 7d, the pressure sensor outputs a sta-
ble and regular sensing pattern toward natural breathing.
The sensor is pasted on one side of the mask to sense the
inhalation and exhalation. During exhalation, the pressure
is exerted on the mask membrane and ultimately on the
sensor resulting in an increase in the output current. In the
inhalation process, the pressure is released and the current
lowers to its original position. The results manifest that the
MSC-derived strain sensor can detect small mechanical
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distortions and can be utilized to sense motion of organs
with tiny vibrations.

4 Conclusions

In summary, an effective strategy is proposed to amplify
the electrochemical performance of an innovative PPy-CNT
composite co-electrodeposited on rGO@ Au microelectrodes
for high-performance PPy-CNT @rGO symmetric MSCs.
Among the various conducting polymers based MSCs, the
PPy-CNT@rGO MSC displays the best electrochemical per-

2 at

formances in areal specific capacitance (65.9 mF cm™
0.1 mA cm™2), specific energy (5.9 uWh cm™2), and specific
power (0.4 mW cm™2) for planar on-chip MSC, while a high
areal capacitance of 70.25 mF cm ™ for current collector free
flexible MSC. Furthermore, the MSC displays outstanding
cycling stability with just 21% capacitance loss after 10,000
charge/discharge cycles at a very high current density of
5 mA cm~2, much higher than those of PPy-based previously
reported MSCs. Moreover, by transferring microelectrodes
on a flexible PDMS elastomers, a highly sensitive capaci-
tive micro-strain sensor is fabricated. The MSC-derived flex-
ible pressure/strain sensor displays response and recovery
time of 0.9 and 2 ms, respectively, and can detect biosignals
and motion of organs. This work validates that the prepared
MSC has auspicious potential in on-chip micro-energy
storage, and skin-compatible micro-capacitive sensors for
biosignal detection.
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