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Developing lightweight, flexible, and foldable electrodes with decent mechanical durability and electrochemical
activity is a highly desirable goal for solid-state electrochemical energy storage devices yet remains a formidable
challenge to overcome. Herein, we invent a freestanding robust PANI membrane via introducing the dynamic
boronate bond to bridge rigid PANI chains with complaint polyvinyl alcohol (PVA) chains. The resultant PANI/
PVA membrane (PPM) exhibits remarkable elasticity (17.8% strain) along with excellent tensile strength (33.7

MPa), outperforming the majority of existing state-of-the-art flexible electrochemical PANI membranes. Addi-
tionally, the PPM can be further assembled into a wearable solid-state supercapacitor with high electrochemical
performance as well as decent mechanical durability. The lightweight, flexible, and foldable PANI membrane
represents a great advancement in electrode materials for next-generation wearable solid-state electrochemical

energy storage devices.

1. Introduction

The Internet of Things (IoT), as a prominent technological revolution
of modern society, is transforming our daily lives with unprecedented
convenience and intelligence [1-3]. Wearable bioelectronics is one of
the key components of IoT devices that enable personalized healthcare
as well as interpersonal pervasive communications [4-6]. The number
of wearable bioelectronics will increase at an incredibly rate in the near
future due to the rapid evolution of fifth generation (5G) wireless
communication technologies [7,8]. However, conventional central
power supply systems are no longer suitable for sustainably driving
billions of distributed wearable bioelectronics [9,10]. Wearable and
pervasive power supply is a must for multifarious on-body bioelectronics
[11-14]. Solid-state supercapacitors (SSCs) are a promising pervasive
energy solution with a collection of compelling features, including high
power density, long cycling stability, as well as considerable mechanical
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durability [15,16]. To this date, however, it still remains a great chal-
lenge for researchers and practitioners to fabricate thin film electrodes
for SSCs with both promising electrochemical performance and
considerable mechanical performance [17,18].

Numerous materials, such as carbonaceous materials [19], transition
metal oxides [20], and conducting polymers (CPs) [21] have been
widely investigated to fabricate high performance thin film electrodes
for SSCs. Among them, CPs hold unique advantages due to their intrinsic
softness and light weight. Moreover, CP electrodes can easily accom-
modate unpredictable and complicated stress through the movement of
segments on polymeric chains [22]. Thus, the mechanical stability of
devices can be effectively achieved even when subjected to external
stress [23]. Among the wide variety of CPs, polyaniline (PANI) is an
outstanding choice due to its low cost, easy fabrication, high thermal
stability as well as unique doping/dedoping characteristics [24]. How-
ever, the wide-range of adoption of PANI for electrochemical energy
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storage is largely shadowed by the poor processability due to its rigid
polymeric chain and conjugated backbone structure [25]. Electro-
chemical deposition and hybridization of PANI with existing films were
demonstrated to be two effective methods toward construction of PANI
membranes [26,27]. However, electrochemical deposition with more
than 150 nm thickness were not solid and compact and thus cannot be
free-standing [28]. Similarly, hybridization of PANI with existing films
suffers from poor compactness and weak tensile strength due to the
existence of multiple interfaces between PANI and the matrix, which
hinders their wide applications [25,27]. Therefore, developing PANI
membranes into freestanding flexible electrode materials with both
promising electrochemical performance and decent mechanical strength
is a highly desired goal that still remains a significant challenge.

Here, we report a freestanding and robust PANI membrane fabri-
cated through an efficient supramolecular strategy, in which boronic
acid groups are successfully introduced onto PANI polymeric chains
through copolymerization of aniline and 3-aminophenylboronic acid
(ABA). Complaint polyvinyl alcohol (PVA) chains are simultaneously
crosslinked with rigid PANI chains via dynamic boronate bond by
adding PVA into a precursor solution containing aniline and ABA. Thus,
a freestanding and robust PANI/PVA membrane (PPM) with a delicate
crosslinked structure can be effectively achieved via a facile blade
coating method. The highly rigid conjugated PANI chains endow the
membrane with remarkable mechanical strength, while the complaint
PVA chains with softness can provide the membrane with decent flexi-
bility, which exhibits a high tensile strength of 33.7 MPa along with
large stretchability (17.8%), outperforming most previously reported
freestanding PANI membranes [29-34]. SSCs based on this
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electrochemically active membrane deliver a maximum areal capaci-
tance of 154.4 mF cm™2 as well as high energy density of 1.91 mWh
cm 2 at a power density of 42.55 mW cm ™3, which is the highest among
all the PANI film based wearable SSCs [35-38]. This work paves the way
for a scalable and cost-effective approach to developing a lightweight,
flexible, and foldable electrode for all solid-state wearable electro-
chemical energy storage devices, which is expected to make a practical
impact in the era of the Internet of things as a pervasive and wearable
energy solution.

2. Results and discussion

The structural design and fabrication procedure of the freestanding
and robust PPM via an effective supramolecular strategy is illustrated in
Fig. 1a. Aniline, ABA and PVA were mixed according to a fixed ratio to
form the precursor solution. The other solution containing oxidative
initiator APS was then added into the precursor solution to trigger the
reaction. As the polymerization progresses, PANI (blue chains in Fig. 1a)
and PVA (red chains in Fig. 1a) can be effectively crosslinked. In addi-
tion, the mixed solution completely loses its fluidity within 6 h due to the
thorough polymerization and crosslinking (Fig. S1). To obtain a free-
standing PPM, a facile blade coating method is employed to process the
mixed solution into a membrane as rapidly as possible, because the
mixed solution will lose the vast majority of its fluidity within 10 min.
Then the PPM film was peeled off from the glass substrate after thorough
rinsing and natural drying. Fig. 1b schematically depicts the molecular
structure of this PPM. Hydroxy groups on the PVA chain could react with
boronic acid groups on the PANI chain to form dynamic boronate bonds,
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Fig. 1. Constructing freestanding and robust polyaniline (PANI) thin membrane using supramolecular strategy. (a) A freestanding PANI/PVA membrane
(PPM) is fabricated through the facile blade coating method. (b) Schematic molecular structure of PPM showing the crosslink between rigid PANI chains and
complaint PVA chains via dynamic boronate bond. (c) Wearable solid-state supercapacitors (SSCs) are assembled by employing PPM electrodes and gel electrolyte.
PANI backbones are (d) doped and (e) de-doped by protons in gel electrolyte during reversible charge/discharge dynamics.
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leading to rapid crosslink and gelation. Since the as-prepared PPM is
highly freestanding as well as transferable, it could be easily integrated
with PVA/H,SO4 gel electrolytes for the fabrication of SSCs (Fig. 1c).
During the charge/discharge process, electrochemical active PANI
macromolecules can be reversibly doped/dedoped by protons in an
electrolyte (Fig. 1d and e). High conductivity and large pseudocapaci-
tance can be consequently achieved.

Digital images of the as-prepared PPM are shown in Fig. 2a. It can be
clearly observed that the peeled PPM is highly freestanding and flexible
(Fig. 2al). It can be easily folded into different artistic patterns including
triangular and quadrangular stars (Fig. 2all). Fig. 2a III shows a
stainless-steel rod with a radius of 4 mm. It can be helically wrapped by a
long, narrow PPM stripe without trackable structural damage, which
undoubtedly demonstrates the considerable flexibility of this PPM. The
robustness of the PPM is further demonstrated by comfortably hanging a
standard 100 g weight on a thin PPM stripe without detectable cracks or
breaks (Fig. 2alV). Moreover, due to the simple preparation process, this
PPM can be prepared on a large scale (Fig. 2aV shows large areal flexible
PPM with large size of 12 cm x 19 cm), which will give rise to scalable
fabrication and commercial applications. To investigate the morphology
of this PPM, SEM measurement was employed. Fig. S2a shows the
smooth surface of this PPM with some uniform wrinkles, which can be
attributed to the volume shrinkage during the natural drying process.
According to the AFM characterization (Fig. S2b), the surface roughness
of the PPM is ~9 nm, also indicative of the flat and smooth surface of the
PPM. Generally, a smooth electrode surface could enable close and
dense contact between the electrode and current collector, which further
underpins its considerable electrochemical performance. Water contact
angle of the PPM is measured to be 65.8° (Fig. S3), indicating a hy-
drophilic property. Therefore, the PPM is expected to achieve ideal
contact with electrolyte and lead to efficient electrode/electrolyte
interface. Cross-section SEM images of the PPM with different thick-
nesses are depicted in Fig. S4. Notably, through adjusting the distance
between the stainless-steel blade and glass substrate, the thickness of the
PPM can be easily controlled. Obviously, the thickness of PPM prepared
by the blade coating method is uniform along the lateral direction. From
the cross-sectional view, it can be clearly observed that the PPM
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possesses great compactness without trackable porosity or phase in-
terfaces, which contributes to the remarkable mechanical strength of
PPM along the direction of elongation due to the fine compatibility of
PANI and PVA. Cross-section EDS elementary mapping (Fig. S5) suggests
an even distribution of carbon, nitrogen, oxygen and boron on the film,
which again confirms the PANI and PVA components are well compat-
ible. It is noteworthy that an even distribution of PANI in freestanding
electrode film can enable stable electrochemical performance, which is
of great significance for the fabrication of high performance SSCs.
However, some methods reported recently such as in-situ polymeriza-
tion [27] and vapor polymerization [39] are not favorable for the even
distribution of PANI on the thin membrane. Because the PANI will
preferentially gather on the surface of freestanding membrane, while the
inner area of the freestanding membrane usually suffers from low PANI
concentration. In this regard, the blade coating coupled supramolecular
strategy is superior in fabricating freestanding membranes with uniform
PANI distribution.

The PANI in this PPM is doped by strong acid HCI during polymer-
ization. Hence, the PPM has high conductivity in the range of 1072 S
cm L. As a visualization, the PPM stripe can be directly used as a flexible
conductor in circuit containing 4.0 V power supply for powering a green
LED bulb (Fig. 2b and Fig. S6). In addition, the stripe can be bent into
different shapes such as an arc-shape and S-shape without sacrificing its
conductivity. The mechanical performance of the PPM is shown in
Fig. 2c. The PPM samples for the tensile strength test were prepared by
cutting a large area of PPM into dumbbell shaped stripes (inset in
Fig. 2¢) through ultraviolet laser beam cutting. It can be clearly observed
from the strain-stress curve that the PPM exhibits a remarkable yield
strength of 65.6 MPa. After the yielding behavior, an obvious necking
phenomenon can be clearly detected, indicating that PANI and PVA are
finely compatible through the supramolecular strategy. The PPM stripe
was finally broken at an elongation of 17.8% and breaking strength of
33.7 MPa. The considerable mechanical performance of the PPM can be
attributed to the delicate molecular design. On one hand, ABA reacts
with aniline monomers through cationic polymerization to form rigid
conjugated PANI chains, endowing the PPM with high strength. On the
other hand, boronic acid groups on ABA molecule can simultaneously
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Fig. 2. Mechanical, electrochemical properties investigation. (a) (I) The PPM is highly flexible. (II) PPM paper can be folded into various artistic patterns
including triangular and quadrangular stars without detectable structural damages. (III) A long, narrow PPM stripe can be densely wrapped onto a stainless steel rod
with radius of 4 mm. (IV) A 100 g standard weight can be stably hanged on a narrow PPM stripe. (V) Large areal flexible PPM with large size of 12 cm x 19 cm. The
all scale bars in images I-V are 1 cm. (b) PPM stripe under various deformation can be used as a conductor in a circuit for lighting green LED lamp. (c) Stress-strain
curve of PPM, inset pictures show dumbbell shaped PPM stripe before and after breaking. (d) Mechanical performance of this PPM outperforms most of the previously

reported conducting polymer based freestanding films. (e) FT-IR spectra of PPM.
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react with hydroxy groups on PVA to form boronate bonds. The
complaint PVA chains provide the PPM with considerable flexibility and
elasticity. Consequently, PANI and PVA can be effectively crosslinked
and integrated. Therefore, thin membranes featuring both high strength
and flexibility is effectively synthesized. Fig. 2d lists the mechanical
performance of several state-of-the-art freestanding films based on
conducting polymers, including graphene/PANI membrane [29], bac-
terial cellulose/graphene/PANI membrane [30], PEDOT nanowire
membrane [31], nanofibrillar cellulose/PPy membrane [32], PEDOT:
PSS/Ag nanoparticles membrane [33], and bucky paper/PPy membrane
[34]. Clearly, the PPM outperforms all the afore-mentioned freestanding
membranes in both break elongation and break strength. The exact
reasons for such an excellent mechanical performance can be explained
as follows: i) In this PPM, highly conjugated PANI gives rise to high
strength due to the strong n-n interaction between PANI chains; while
complaint PVA gives rise to high flexibility, leading to large elongation.
ii) The two components (PANI and PVA) of this PPM can be effectively
bonded through an efficient supramolecular strategy at the molecular
level without yielding obvious phase interfaces, which enables its high
mechanical performance. In contrast, in many previously reported cases
[27,40,41], multiple components were simply hybridized through
physical blending. The inevitable interfaces between multiple compo-
nents undoubtedly lead to poor mechanical performance.

FT-IR spectra of pure PANI and PPM film was shown in Fig. 2e, which
can determine the chemical structure of PPM. The pure PANI was syn-
thesized in HCIl solution and treated with excess ammonia water in
advance to ensure they are in the dedoped state. In the spectrum of pure
PANI, the adsorption peaks located at 1589 cm ™! and 1547 cm ™! are
assigned to the C=C stretching vibration of the quinoid ring and the
benzenoid ring in the PANI backbones, respectively [26]. The charac-
teristic peaks located at 1305 em !, 1165 cm™! and 831 cm™! are
attributed to the C-N stretching vibration of secondary aromatic amines,
the C=N stretching vibration on quinoid ring (-N = Q = N-) and the
bending vibration (out of plane) of C-H in the benzene ring, respectively
[42]. Additionally, a broad adsorption band at around 3386 cm ! can be
clearly observed in the spectrum of pure PANI, which is associated with
the N-H stretching. In the spectrum of the PPM, all of the
above-mentioned characteristic peaks of PANI can be obviously detec-
ted, undisputedly confirming the existence of PANI in this membrane.
Notably, the intensity of the broad peak located at 3313 cm™! in PPM
spectrum is much higher than that of pure PANL. This is due to the ex-
istence of dissociative O-H in the PVA chains. Dissociative O-H group
generally yield characteristic stretching adsorption peak at around
3550-3200 cm ', which is close to that of N-H on PANI. Thus, the
overlapped peak of O-H and N-H appears to be much more intense that
of just N-H [43]. Moreover, two new sharp peaks appeared in PPM
spectrum located at 2941 em ™! and 1095 em ™!, which can be assigned
to the aliphatic C-H stretching and C-O stretching on PVA chains,
respectively. This data definitively confirms that PVA and PANI co-exist
harmoniously in the PPM. Compared with the spectrum of pure PANI in
dedoped state, several peaks in PPM film spectrum red-shift to lower
wavenumber (1589 shifts to 1585 cm’l, 1497 shifts to 1439 cm ™%, 1165
shifts to 1143 cm ™! and 831 shifts to 825 cm™1). On one hand, this is
because the PANI in PPM film is partially doped by HCI during the
fabrication process. On the other hand, this can be ascribed to the lower
electron density in PANI chains caused by electron-withdrawing group
O-H on PVA chains [44]. In the XRD pattern of PPM (Fig. S7), two
characteristic peaks located at 19.7° and 25.2° correspond to (0 2 0) and
(2 0 0) reflections of PANI, which are in agreement with the FT-IR
spectra [24].

To further characterize the chemical composition of the PPM, XPS
test was employed. Fig. S8a shows the XPS survey scan of this PPM, in
which various elements such as carbon (Cls~284 eV), nitrogen
(N1s~399 eV), and oxygen (O1s~532 eV) can be clearly observed. Even
the boron (B1s~190 eV) with the low concentration of 1.84% (at. %),
can still be traced. The quantitative concentration of each elements was
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recorded and is shown in Table S1. Generally, PANI shares a stable C/N
ratio of 6 according to its theoretical formula (CgHsN),,. In our sample,
the C/N ratio (~11) is much higher than that of pure PANI (6), which is
attributed to the existence of PVA chains. The presence of 16.27% ox-
ygen is also aroused from the PVA component. The N1s XPS core level
spectrum with binding energy ranging from 397.5 to 404.5 eV is
depicted in Fig. S8b. The peaks located at 398.7 eV and 399.4 eV cor-
responds to quinoid di-imine and benzenoid di-amine, respectively. The
peaks above 400 eV (400.1 eV and 401.4 eV) can be attributed to the
—NH™ nitrogen. According to the peaks area, the N*/N ratio is calculated
to be 49%, indicating a high doping level of PANI polymeric chains [27].
This is consistent with the high conductivity of the PPM (1.9 x 1072 S
em ™) tested by standard four-probe apparatus. In the high resolution
spectra of C1s XPS core level (Fig. S8c¢), the Cls core level spectra can be
deconvoluted into four peaks: C-C/C-H located at 284.4 eV, C-N/C=N
at 285.0 eV, C-N+/C=N+ at 286.0 eV and C-O at 287.9 eV. These
results undoubtedly confirm the chemical composition of the
as-prepared PPM.

Since this PPM is highly freestanding as well as flexible, it can be
easily transferred and tailored for the fabrication of SSCs. As shown in
Fig. 3a, a 100 mm x 100 mm PPM was firstly attached closely onto
adhesive PET film with the size of 120 mm x 120 mm, serving as the
flexible substrate. An ultraviolet laser beam was then used to tailor the
PPM into pre-designed interdigital patterns. Gold thin film, serving as
the current collector, was sequentially magnetron sputtered onto the
interdigitated PPM. Finally, interdigital electrode patterns were wrap-
ped with PVA/H,SO4 gel electrolyte and PDMS encapsulating materials
in sequence to obtain an air-stable wearable device (see details in
Experimental Section). Fig. 3b—e shows single SSCs with interdigital,
concentric circular, concentric rectangular, and wave-shaped configu-
rations, which further indicates the considerable processability of the
PPM during the fabrication process of SSCs. Notably, the interdigital
pattern is a widely employed configuration for many in-plane SSCs
because this configuration facilitates ion transfer and leads to an effi-
cient electrochemical process [45,46]. Therefore, all the electrochemical
tests in this study were conducted with an in-plane interdigital config-
uration. The detailed size of this interdigital patterns is shown in Fig. S9.

Wearable SSCs are usually used in cases where the accessible volume
and area is limited. Therefore, it is always a highly desirable goal for
wearable SSCs to deliver as much energy as possible per unit area and
volume. In the following discussion of this work, we employ areal
capacitance and volumetric capacitance rather than gravimetric capac-
itance to evaluate the performance of SSCs because these parameters are
important considering further commercialization and practical appli-
cation. First, we investigated the relationship between film thickness
and areal capacitance of the device. A series of PPM films with thick-
nesses spanning from 9.4 pm to 62.4 pm were successfully prepared and
their corresponding electrochemical performance was then character-
ized. As shown in Fig. 3f, the areal capacitance increases proportionally
with the increase of film thickness. A moderate areal capacitance of 20.5
mF cm 2 was obtained at the film with thickness of 9.4 pm. When the
film thickness increased to 62.4 pm, a maximum areal capacitance of
151.9 mF em ™2 was delivered (at the current density of 0.1 mA cm ).
Fig. 3g depicts areal capacitance of PPM at different current densities
ranging from 0.1 mA cm ™2 to 2 mA cm™2. Although thicker films can
deliver higher areal capacitance at low current density, the areal
capacitance drops rapidly with increasing current density. In detail,
areal capacitance of the 62.4 ym film degrades from 151.9 mF cm ™2 to
61.5 mF cm 2 (with just 40.5% retained) when the current density in-
creases by 20 x (from 0.1 mA cm™2 to 2 mA cm™2), indicating its poor
rate capability performance. Interestingly, while the current density
increases from 0.1 mA cm 2 to 2 mA cmfz, the thin film (9.4 pm) can
maintain 64% of its initial capacitance, suggesting good rate capability.
Generally, for a thick film electrode, the electron transfer path is much
longer than that of thin film. Then, the redox current cannot be collected
effectively by the current collector, especially at large current density.
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Fig. 3. SSCs with high electrochemical performance derived from PPM. (a) Schematic illustration of the fabrication process of coplanar SSCs electrode pattern.
SSCs electrode patterns with (b) interdigital, (c) concentric circular, (d) concentric rectangular and (e) wave-shaped configurations. (f) Areal capacitance of SSCs with
different membrane thicknesses. (g) Rate performance of SSCs versus increasing current density. (h) CV and (i) GCD curves of 9.4 pm thin membrane-based SSC. (j)
Cycling performance of SSC over 5000 GCD cycles, the inset exhibits GCD curves of 1-3rd and 4998-5000th cycles. (k) Ragone plots of SSC and some recently

reported supercapacitors based on pseudocapacitive materials.

Consequently, SSCs made from thin film demonstrates a much better
rate performance than thick film SSCs.

To further illustrate the electrochemical performance of the PPM, CV
and GCD curves of the film with 9.4 pm thickness are shown in Fig. 3h
and i. In the CV curves with different scan rates, two couples of char-
acteristic redox peaks of PANI can be clearly observed. When the scan
rates increased from 2 mV s~ ! to 20 mV s’l, the CV curves can still
maintain its shape, indicating good rate capability [47]. Additionally,
the CV curves of the wearable SSC remain stable even at bended and
twisted states (Fig. S10). This data demonstrates that the SSC can
maintain the electrochemical performance while it is subjected to
external stress. The GCD curves of PPM exhibit a similar triangle-shape,
suggesting good charge-discharge reversibility [48]. The cycling

stability of the SSC was tested for 5000 cycles at a galvanostatic current
density of 2 mA cm™2. As a result, the SSC demonstrates considerable
cycling stability with 79.5% capacitance retained after 5000 GCD cycles
(Fig. 3j). The slight increase of capacitance at around 3500-4500th cy-
cles can be attributed to the following reasons: 1) The electrode material
generates large volume changes after repeating charging/discharging
process and then becomes more open-structured and more accessible to
the electrolyte. 2) For a compact PPV, the inner part of bulk membrane
could hardly contact with gel electrolyte before cycling. During cycling,
the external part of PPM can be fully swollen. Consequently, the inner
part becomes more accessible to the gel electrolyte, which leads to an
increase in capacitance. Moreover, the IR drop of SSC before and after
GCD cycles remains nearly unchanged (see insert of Fig. 3j), indicating
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that the ion and charge transfer kinetics maintain relatively stable
during long-term cycling. Nyquist plots of wearable SSC with a fre-
quency loop from 100 kHz to 0.1 Hz using a perturbation amplitude of 5
mV is shown in Fig. S11. Equivalent series resistance of the SSC is
determined by the intercept of the Nyquist curve with the real axis at
high frequencies to be 18.7 Q. Due to the high conductivity of the PPM,
the areal resistance is calculated to be 11.4 Q cm™2. Ragone plots of the
SSC are depicted in Fig. 3k. The SSC delivers an energy density of 1.91
mWh cm ™3 at a power density of 42.55 mW cm 3. Even at a high-power
density of 851.1 mW cm ™3, the energy density is still maintained at 1.25
mWh cm™3, which is comparable with or even outperforms many
state-of-the-art pseudocapacitive materials-based supercapacitors
[35-38].

In this study, the SSC prototype shares a stable potential window of
0.8 V with the solid-state PVA/H,SO4 electrolyte. However, this po-
tential window is far away from powering daily consumer electronics.
To explore the potential application of SSCs, we further integrated
multiple devices in different ways (serial and parallel) and characterized
their corresponding electrochemical performance. As for their demon-
stration, Fig. 4a shows a digital image of large areal flexible SSCs array
with multiple SSC units integrated on a flexible substrate, indicating
SSCs can be easily integrated through rational design. Fig. 4b shows CV
curves of a single SSC and three SSCs tandem circuit at a scan rate of 20
mV s~L. Obviously, the output potential window can be effectively
broadened through tandem connecting. When connected in parallel, the
output current is successfully boosted (Fig. 4c) [20]. GCD curves of
tandem circuit also demonstrate a higher potential window than that of
single device, which is consistent with CV curves (Fig. 4d) [49]. For the
three parallel connected SSCs, the stored/released charge is three times
higher than that of a single device (Fig. 4e) [50]. Moreover, the tandem
circuit was also used to drive daily electronics such as red LED bulb (3.0
V) and liquid crystal display timer (Fig. S12). These encouraging results
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clearly demonstrate the potential application of SSCs.

Over the past few years, PANI has been extensively studied in the
design and fabrication of supercapacitors in the forms of either pure
PANI [48] or PANI composites [51]. Among them, this work holds
distinct scientific and technical advancement. The main contributions
and innovations of this work can be drawn as following: 1) The PANI and
PVA is perfectly crosslinked through dynamic boronate bond without
yielding obvious interfaces in this work, the resultant PPM consequently
exhibits remarkable mechanical performance that outperforms most
previous works. 2) The facile blade coating method gives rise to scalable
fabrication of the robust and foldable PPM, which pushes forward the
massive production and commercialization of PANI based electro-
chemical energy storage devices. However, in most previous works, the
PANI based materials is not suitable for scalable fabrication due to
complicated fabrication procedures. 3) The application potential of this
PPM is further demonstrated through assembly of high performance
wearable SSCs with PPM electrode. The wearable solid-state electro-
chemical energy storage device reported in this work will act as an
important role in powering the billions of distributed wearable elec-
tronics in the upcoming era of Internet of Things.

3. Conclusion

Via a supramolecular strategy, a lightweight, flexible, and foldable
electrode with decent mechanical strength and electrochemical prop-
erties was invented for wearable all solid-state electrochemical energy
storage devices. The developed PPM exhibits a breaking strength of 33.7
MPa and elongation of 17.8%, surpassing most existing state-of-the-art
conducting polymer-based freestanding films. The assembled SSCs
based on PPM deliver a high energy density of 1.91 mWh cm > at 42.55
mW cm_g, large areal capacitance (151.9 mF cm™2) as well as remark-
able cycling performance (79.5% capacitance retention over 5000
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Fig. 4. Electrochemical performance of integrated SSCs. (a) Digital image of SSCs electrode array with multiple devices integrated on a flexible substrate, the
scale bar is 1 cm. CV curves of SSCs connected (b) in series and (c) in parallel. GCD curves of SSCs connected (d) in series and (e) in parallel.
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cycles). This work represents a great advancement in developing light-
weight, flexible, and foldable electrodes for the next generation of all
solid-state electrochemical energy storage devices.

4. Experimental Section
4.1. Chemicals and materials

Aniline, 3-aminophenylboronic acid (ABA) monohydrate and poly-
vinyl alcohol (PVA) with a degree of polymerization of 1799 of
analytical grade were purchased from Aladdin. Aniline was distilled
under reduced pressure before use. ABA and PVA were used as pur-
chased without further purification. Ammonium persulfate (APS),
concentrated HCl, and HySO4 solution were brought from Chengdu
Rongsheng Chemical Reagent Factory, Chengdu, China. Poly-
dimethylsiloxane (PDMS) was purchased from Dow Corning Ltd. (USA)
and used as received.

4.2. Fabrication of PPM

For a typical fabrication of PPF, solution A was prepared by dis-
solving 6 mmol APS in 3 mL deionized water. Solution B was prepared
by dissolving 4.5 mmol aniline, 0.315 mmol ABA and 9 mL PVA solution
(10% wt/wt in DI water) in 2505 pL 6 M HCl and 675 pL DI water. Both
solutions were put into an ice water bath for cooling to 0-4 °C. Then,
2424 pL of solution A was added into solution B and mixed quickly by
stirring vigorously. After the two solutions were fully blended, the mixed
solution was poured onto the glass substrate and blade coated into a thin
membrane as rapidly as possible. The PPF will be fully crosslinked and
gelated into a solid state in 4-6 h. Then, it was rinsed with adequate
deionized water to remove by-products, excess ions, and PVA. Finally,
the PPF was naturally dried and peeled off from the glass substrate for
further use.

4.3. Assembly of SSCs

A large PPM (100 mm x 100 mm) was first attached densely onto an
adhesive PET substrate (120 mm x 120 mm). An ultraviolet laser beam
(UV-3S laser maker, Dazu Ltd., China) was then employed to cut the
PPM into a customized interdigital pattern. The power of the ultraviolet
laser and cutting times should be optimized to make sure the PPM is fully
cut while the PET substrate is not broken. Generally, a PPM with 9.4 ym
thickness can be fully cut after 13 times with a laser power of 6 W.
Sequentially, thin gold film with ~380 nm thickness was magnetron
sputtered onto the interdigitated PPM serving as the current collector
with a magnetron sputtering equipment (SKY Technology Development
Co., Ltd., China) with sputtering power of 40 W for 40 min (working gas
of high purity argon). PVA/H,SO4 gel electrolyte was prepared by
heating PVA powders (polymerization degree of 1799), concentrated
H,S04, and deionized water (weight ratio of 1:1:10) mixed solution to
85 °C for 1-2 h until a clear solution was observed. To assemble a SSC,
PVA/H5S04 gel electrolyte was uniformly wrapped onto interdigitated
PPM electrode pattern. After that, the encapsulating layer Poly-
dimethylsiloxane (PDMS) was drop casted onto gel electrolyte layer to
obtain a sealed device.

4.4. Characterization

Scanning Electron Microscope (SEM) tests of PPM were conducted on
JSM-7800F Prime (JEOL Ltd.) with an accelerating voltage of 1-5 kV.
Energy dispersive spectrometer (EDS) was also conducted in JSM-7800F
Prime (JEOL Ltd., Japan) with an Oxford EDS detector at an accelerating
voltage of 15 kV and probe current of level 12. Atomic force microscope
(AFM) characterization was tested on NanoWizard II (JPK Instruments,
Germany) in contact mode. Fourier transformed infrared (FT-IR) spectra
with a resolution of 2 cm ' were recorded on a Nicolet 6700
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spectrometer (Thermo Fisher Scientific, US) from 4000 to 400 cm ! at
room temperature. Pure PANI sample for FT-IR test was prepare by
compressing PANI powders and KBr into a pellet. PPM samples for FT-IR
test was prepared by the blade coating method, which is nearly semi-
transparent through controlling the thickness of the PPM to a very
small value. X-ray diffraction (XRD) of the samples was performed on
PANalytical X’Pert Powder diffractometer with Cu Ko radiation between
5° and 90°. An X-ray photoelectron spectroscopy (XPS) test was recor-
ded on Thermo Scientific ESCALAB 250Xi.

4.5. Performance evaluation

To test the performance of SSCs with PPM electrode, the device was
tested with cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) methods.
The CV characterizations were carried out within the potential window
of 0-0.8 V with scan rates ranging from 2-20 mV s ™. The GCD measures
were carried out within the potential window of 0-0.8 V with current
density ranging from 0.1-2 mA cm™2. The EIS tests were conducted in
the frequency range from 0.01 Hz to 100 kHz with 5 mV ac amplitude.
Areal capacitance of the device was calculated from discharge curves
according to the following equation:

C=1I1/SAV

In this equation, I (A) is the discharge current, t (s) is the discharge
time, S (cm™2) is the area of electrochemical active PPF electrode, and
AV (V) is the voltage interval of discharge. The energy density (E) and
average power density (P) of the flexible solid-state supercapacitors can
be expressed as:

2
oY
2V
b E
N,

C (F) is capacitance of entire device, U (V) is cell voltage, V is
effective volume (cm®) of electrochemical active materials, and At is
discharge time.
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