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Abstract

Stretchable supercapacitors (S-SCs) are of considerable interest as prospective energy-storage devices for wearable electronics
and smart products. However, achieving high energy density and stable output under large deformations remains an urgent
challenge. Here, we develop a high-performance S-SC based on a robust heterostructured graphene—polyaniline (G-PANI)
anchored hierarchical fabric (G-PANI@pcPU). By precisely manipulating centrifugal electrospinning and PANI-induced
two-step self-assembly process, the G-PANI@pcPU features an inter-linkage porous backbone, which open ions migration/
intercalation pathways, high mechanical flexibility (elongation: 400%), and large production area (> 90 cm?). The resultant
G-PANI@pcPU presents ultra-large specific areal capacitance (C,.,;) of 5093.7 mF cm~ (about 35 mg cm™ mass loading
of G-PANI) and redox reversibility in 1 M H,SO, electrolyte. Additionally, the G-PANI@pcPU fabric-based solid-state
S-SCs show a high energy density of 69.2 pWh cm™2 and capacitance of 3113.7 mF cm™2 More importantly, the superior
stretchable stability (84.1% capacitance retentions after 5000 cycles) and foldable performance (86.7% capacitance retentions
after 5000 cycles) of S-SCs are impressively achieved. Finally, the S-SCs realize potential applications of steady powering
light-emitting diode (LED) lights at 100% strain, smart watch at bending deformation, toy car, and lamp. This work can offer
an overwhelming foundation for designing advanced flexible electrodes toward new energy and smart wearable applications.

Keywords Stretchable supercapacitor - Hierarchical fabric - Deformable stability - Hetero-structured graphene—
polyaniline - Wearable application

Introduction

With the advent of the 5G era, the Internet of Everything
has become possible. Smart wearable textiles developed
based on textile materials, which can sense and reply to envi-
ronmental irritation from thermal, mechanical, electronic,
chemical, and other aspects, are in an epoch of vigorous
development [1-6]. These textiles endow ordinary textiles
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with new functions, including diagnosis, sensing, communi-
cation, navigation, and innovative fashion [7-9]. Continuous
and stable energy is needed to support these new proper-
ties. Supercapacitors are promising energy-storage devices,
because they can deliver excellent cycle life and high power
densities and are among the most advanced energy-storage
devices by far [10-13]. Furthermore, operational safety
makes it highly competitive in many applications, such as
biosensors [14, 15] and microelectronic devices [16, 17].
Nonetheless, how to power various electronics under large
deformations by supercapacitors with high energy density
remains an enormous challenge.

To guarantee the sustainable operation of the entire wear-
able electronic system, the relevantly flexible power device
should output a steady and lasting electrical energy sup-
ply under various deformation situations, such as twisting,
bending, and stretching [18-23]. However, off-the-shelf
energy devices usually suffer from shortcomings, including
large volume, heavy quality, high mechanical strength, and
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low energy density, which cannot satisfy the requirements
of wearable electronic systems [24]. Usually, the conven-
tional preparation of supercapacitor electrodes is applied by
mixing active materials with conductive agents and bind-
ers into a slurry, thereby coating them on current collectors
(e.g., metal foil [25, 26] or carbon cloth [27, 28]). Such a
procedure causes severe rigid, low energy density and less
stretchability than conventional supercapacitors. Fabric- or
fiber-based supercapacitors stand out for their high power
density, rate capacity, and long-term cycling stability, along
with their superior mechanical elongation, good knittabil-
ity, and ease of integration [29, 30]. Noticeably, fabric- and
fiber-based electrodes combined with elastic polymers
(including polydimethylsiloxane (PDMS) [31, 32], Ecoflex
[33], and polyurethane (PU) [34, 35]) will endow excellent
tensile properties and tensile recoverability. For instance,
Zhang et al. developed a stretchable supercapacitor com-
posed of carbon nanotubes (CNTs) integrated in PDMS
substrates, exhibiting a capacitance of 0.6 mF cm~2 under
stretching from O to 200% [36]. Pullanchiyodan et al. fab-
ricated supercapacitors using Ecoflex as the encapsulation
material and MnO, as the pseudocapacitor, which showed
a specific capacitance of 580 mF cm™2, energy density of
51.4 yWh cm~2, and capacitance retention above 90% upon
40% stretching for 1000 cycles [37]. In addition, Jeong et al.
fabricated stretchable PU electrodes by spraying reduced
graphene oxide (RGO)/single-walled carbon nanotube com-
posites on gold-coated PU substrates. The maximum capaci-
tance of the unstretched PU supercapacitor was 43 F g/,
which decreased to 31 F g~! after experiencing 100 cycles of
stretching (72% retention) [38]. Impressively, the mechani-
cal and electrochemical performances were enhanced by the
abovementioned methods. However, the energy density of
the electrodes decreases extremely under large deformation
due to limitations in the construction of micro/nanostruc-
tures, selection of active materials, and preparation methods,
which completely limits the practical application of fabric
supercapacitors.

Generally, the energy density is closely related to the
specific surface area (SSA), Faraday redox reaction, and
electrical conductivity of the electrode materials [39]. Poly-
aniline (PANI) has attracted much attention among various
electrode materials owing to its superior conductivity, high
capacity, low cost, and fast and reversible doping/dedop-
ing kinetics [40]. A combination of carbon-based materials
can be used to further improve the stability of PANI [41].
For instance, RGO with remarkable electrical conductivity,
outstanding electrical double-layer capacitance (EDLC),
and excellent mechanical strength is incorporated. Due to
the strong n—x stacking force between PANI and RGO, they
can be self-assembled into heterostructured graphene—poly-
aniline (G-PANI) composites, alleviating the restacking of
pure RGO [42]. Furthermore, owing to the limitations of
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solubility and dispersion of PANI in most organic solvents,
current PANI-based fibers prepared by electrospinning or
wet spinning are fabricated with low mechanical strength,
uneven dispersion, and poor electronic conductivity, causing
supercapacitors to maintain high energy density under large
deformations [43—-45]. To date, due to the combination of
centrifugal force and electrostatic force, centrifugal elec-
trospinning has been produced as an important measure for
preparing micro/nanofibers with various advantages, includ-
ing uniform structure, controllable preparation, excellent
molecular orientation, and large-scale production [46—48].
Consequently, if the centrifugal electrospinning technology
and PANI-induced self-assembly process are combined to
prepare electroactive conductive fabric, in principle, the
high energy density and large stretchable energy supply of
stretchable supercapacitors (S-SCs) will be realized. How-
ever, to the best of our knowledge, this strategy of fabricat-
ing supercapacitor electrodes remains unexplored, which
motivates us to develop better electrochemical and mechani-
cal performances.

Herein, we fabricate high-performance S-SCs based on
heterostructured G-PANI hierarchical fabric (G-PANI@
pcPU) electrodes. Generally, the centrifugal electrospin-
ning fabrication of a large elastic PU fabric substrate
endows G-PANI@pcPU with a high mechanical elonga-
tion at break of 400%. In addition, the PANI-induced two-
step solution self-assembly reaction enables G-PANI to be
efficiently bridged on the surface of composite PU (cPU)
fabrics with PANI deposition, forming PANI@cPU (pcPU).
The as-fabricated G-PANI@pcPU has a highly aligned 3D
network, enhanced SSA/porosity, and fast interfacial charge
transfer. Impressively, the G-PANI@pcPU fabric exhibits
excellent electrochemical energy-storage performance with
a high specific areal capacitance (C,.,;) of 5,093.7 mF cm™>
(at 1 mA cm~? in H,SO, electrolyte approximately 2 cm?
in area and 35 mg cm~2 in mass loading). Subsequently,
the G-PANI@pcPU fabrics are assembled into flexible
S-SCs, which present a high Cy,.,; of 3113.7 mF cm™ at
0.2 mA cm™2 and a high energy density of 69.2 pWh cm™2.
Specifically, after continuous stretching and folding pro-
cesses for 5000 cycles, the constructed S-SCs can main-
tain high deformable stabilities with good capacitive reten-
tions of 84.1 and 86.7%, respectively. Benefiting from their
admirably electrochemical and mechanical performances,
the S-SCs realize potential applications of steady power-
ing light-emitting diode (LED) lights at 100% strain, smart
watches at bending deformation, toy cars, and lamps. These
highly deformable supercapacitors will become promising
candidates as a supplement or substitute for flexible batteries
in new-generation energy-storage fields.
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Experimental Section
Materials

Aniline (ANI, 99%), ammonium persulfate (APS, AR),
polyvinyl alcohol (PVA), and hexafluoroisopropanol (HFIP,
99.5%) were purchased from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. Polyurethane (PU, D4335) was
purchased from Zhejiang Huafon TPU Co., Ltd. PANI was
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. Hydrochloric acid (HCI, AR) and sulfuric acid
(H,SO,, AR) were purchased from Hangzhou Shuanghanlin
Chemical Reagent Co., Ltd. All materials were not further
processed.

Centrifugal Electrospinning of Composite Fabric

The spinning solution was prepared by dissolving PU (2 g)
in HFIP (16 mL), at room temperature with magnetic stir-
ring until the PU was completely dissolved. Subsequently,
PANI (2 g) was introduced and stirred for 24 h to obtain a
uniformly mixed spinning solution. The prepared solutions
were injected into the four chambers of our homemade cen-
trifugal electrospinning device. The needle was 27 gauge
(27G). The sprayed fibers were received by a collector cov-
ered with aluminum foil. The receiving distance, applied
voltage, and centrifugal speed were 10 cm, 12 kV, and 3500
r/min, respectively. The resulting composite textiles were
termed cPU. The method used to prepare the pure PU fiber
film was the same.

Deposition of PANI on cPU

The first self-assembly of polyaniline on PU occurred
through in situ chemical polymerization. The aniline and
fiber films were added to HCIl aqueous solution (1 M,
2.5 mL) and soaked for 3 h. An additional HCI aqueous
solution (1 M, 2.5 mL) containing APS was quickly added
to the above solution and stirred for 30 s. The molar ratio of
ANI to APS was 4:1. After 24 h of reaction, the fiber fabric
was carefully washed several times with deionized water and
dried completely at 60 °C. The resulting composite textiles
were termed pcPU.

Synthesis of G-PANI@pcPU

The G-PANI composites were prepared by aniline reduction
of GO, followed by secondary self-assembly between PANI
of pcPU and G-PANI to prepare G-PANI@pcPU. Fiber films
and a certain mass of GO were added to a 1 M HCI ethanol
solution (5 mL) dissolved in aniline (0.1 mL). The mixture
was reacted at 70 °C for 24 h. In this preparation process, the

GO contents were 30 mg, 40 mg, and 50 mg. Therefore, the
corresponding elastic fiber films were termed G-PANI-1 @
pcPU, G-PANI@pcPU, and G-PANI-2@pcPU. The corre-
sponding heterostructured G-PANI composites were named
G-PANI-1, G-PANI, and G-PANI-2.

Characterization

The structural morphologies of the resulting materials were
obtained by SEM (Zeiss vltraS5, Germany) and TEM (Talos
F200S, Thermo Scientific, USA). XPS was collected on a
K-Alpha (Thermo Scientific, USA). The FT-IR spectra were
obtained using a Nicolet 5700 spectrometer (Thermo Scien-
tific, USA). XRD data were determined on a D8 Discover
(Bruker, USA). The water contact angle experimental results
were obtained from JY-82.

Electrochemical Measurements

A CHI760E electrochemical workstation was utilized to test
all electrochemical performances of the G-PANI@pcPU elec-
trodes and G-PANI@pcPU integrated S-SCs. In the electrode
examination, a G-PANI@pcPU electrode (2 cm?), Ag/AgCl,
H,SO, (1 M), and platinum foil were employed as the working
electrode, reference electrode, electrolyte, and counter elec-
trode, respectively. The C,,., of the electrode was calculated

areal

from the GCD curve based on Eq. 1 as follows:

2i [ Vdt

AV? M

areal —
where C,,.,; (mF cm™?), i (mA cm™2), £ (s), and AV (V) are
the volumetric capacitance, discharge current density, dis-
charge time, and voltage range, respectively.

Fabrication of G-PANI@pcPU Symmetrical S-SCs

First, CNTs (0.08 g) were added to deionized water (20 mL)
and sonicated for 30 min. The surface of G-PANI@pcPU
was covered with a layer of CNTs (~5 mg cm™2) by vacuum
filtration as the current collectors. In a typical procedure,
the H,SO,-PVA gel was prepared by adding H,SO, (6 g) to
deionized water (60 mL) with stirring at 85 °C until clear.
A layer of electrolyte gel was coated on the surface of the
electrode after filtering a layer of multiwalled carbon nano-
tubes as a current collector. Finally, two identical electrodes
were pressed together to make S-SC after putting at 25 °C to
evaporate excess water. The C, ., of S-SCs was calculated by
Eq. 2 as follows:

4% (2i [ Vdi)

AV (@)

areal —
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Fig.1 Schematic illustration of the preparation of G-PANI@pcPU.
a Centrifugal electrospinning fabrication of cPU fabric by the physi-
cal mixing of PU and PANI. b Two-step self-assembly fabrication of

where C,,.,; (mF cm™2), i (mA cm™2), 7 (s), and AV (V) are
the volumetric capacitance, discharge current density, dis-
charge time, and voltage range, respectively.

The energy density (E, tWh cm™2) and power density
(P, uW cm™2) were calculated according to Egs. 3 and 4,
respectively

Cyrea X AV?

E = a—, 3
8x%x3.6 ©)
E x 3600
p==""2"0
A7 “4)

Results and Discussion

Figure 1 illustrates the fabrication process of the G-PANI@
pcPU fabric electrode. Typically, a desired dispersion of
polyurethane and PANI solution was spun into composite
PU (cPU) fabrics with excellent flexibility and deformability
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G-PANI@pcPU: in situ polymerization of PANI on cPU fabric and
further aniline-induced reduction of GO

(Fig. 1a). In this stage, the strong hydrogen bond between
PU and PANI increases the miscibility and mixing uniform-
ity of the PANI chain and PU matrix [49, 50], thereby gener-
ating plentiful active sites for the subsequent PANI-induced
self-assembly reaction. Then, the G-PANI@pcPU fabric was
gradually constructed by immersing the cPU fabric into ani-
line and aniline and graphene oxide (GO) solutions, respec-
tively, undergoing two self-assembly reactions (Fig. 1b). In
the first step, the surface of cPU is chemically polymerized
with a large loading of PANI, which is defined as PANI@
cPU (pcPU). In the second step, G-PANI was deposited on
the pcPU surface to form the G-PANI@pcPU fabric, which
is beneficial for increasing the capacity. In this stage, ani-
line could reduce GO and simultaneously undergo oxida-
tive polymerization to produce heterostructured G-PANI
composites (Fig. S1) [51]. Additionally, we explored the
electrochemical performance of the G-PANI@pcPU fabric
by regulating the different proportions of aniline and GO.
The prepared fabrics were termed G-PANI-1@pcPU (30 mg
GO), G-PANI@pcPU (40 mg GO), and G-PANI-2@pcPU
(50 mg GO). The corresponding heterostructured G-PANI
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Fig.2 a-c SEM images of G-PANI@pcPU. d-f TEM images of
G-PANI. g EDS mapping for C, N, and O elements of G-PANI. h
Photograph of large-scale preparation. i Photographs of G-PANI@

composites were named G-PANI-1, G-PANI, and G-PANI-2.
Satisfyingly, centrifugal electrospinning and two self-assem-
bly reaction processes endow the heterostructured G-PANI
hierarchical fabrics with many advantages. (1) Through cen-
trifugal electrospinning, uniform PANI-dispersed compact
fibers were produced at a large scale (> 90 cm?), with excel-
lent mechanical stability, high flexibility (elongation: 400%),
sufficiently guaranteeing the high deformable stability of
S-SCs for driving wearable electronics under continuous
stretching operation. (2) The two self-assembly reactions
between PANI and RGO enable G-PANI composites to be
efficiently bridged on the surface of cPU fabrics, verifying a
highly aligned 3D network, developed SSA/porosity, and fast
interfacial charge transfer, which can facilitate electrolyte
ions with kinetic diffusion and accessible intercalation. (3)
The high areal capacitance, energy density, and stretchable
energy supply performances of S-SCs, along with practi-
cal applications for steady powering of LED lights at high
strain, smart watches at bending deformation, toy cars, and
lamps, have proven to show significant potential in future

Orlglnal
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pcPU under different deformations. j Photographs of G-PANI@pcPU
cropped into different shapes under folding/unfolding states

new energy and textile systems toward smart and flexible
wearable applications.

We used scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to evaluate the
microstructural morphologies of the G-PANI@pcPU
fabrics and G-PANI composites, respectively. Compared
with the morphologies of cPU (Fig. S2a, b), pcPU has
more PANI layers covering the fabric after polymerization
(Fig. S2c, d). Additionally, after two self-assembly process
treatments, G-PANI@pcPU presents the densest PANI
deposition with an obvious G-PANI connection, forming
a good electron transport network (Fig. 2a, b). As seen in
the high magnification images in Fig. 2c, the crumpled
morphology of G-PANI can offer a large accessible surface
for electrolyte ion adsorption. TEM images (Fig. 2d, e, )
were used to further ascertain the wrinkled structure of
G-PANI. At a higher magnification (Fig. 2f inset), a lattice
fringe of 0.34 nm is observed, which is in accordance with
natural graphite [52]. Clearly, GO is successfully reduced
to RGO by aniline [53]. Furthermore, the formation of
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Fig.3 aC 1 sand b N 1 s XPS spectra of the G-PANI@pcPU fabric.
¢ Raman spectra, d C 1 s XPS spectra of GO and G-PANI. e FT-IR
spectra of GO and different G-PANI composites. f Mechanical prop-

PANTI on the RGO surface can guarantee a good redox
reaction. The spatial distributions of elements are explored
by EDS mapping (Fig. 2g). The uniform distributions of
N, C, and O elements also indicate the good deposition
of PANI on the RGO surface. Based on this extensible
centrifugal electrospinning fabrication, G-PANI@pcPU
fabrics can be produced in large areas exceeding 90 cm?
(Fig. 2h). In addition, due to the excellent flexibility and
stretchability of the PU substrate, the G-PANI@pcPU
fabrics can withstand various large deformations, such as
stretching, twisting, rubbing, and folding (Fig. 2i). Simul-
taneously, the G-PANI@pcPU fabrics exhibit robust pro-
cessability and can be tailored into different shapes, which
can satisfactorily fulfill the requirements of practical appli-
cations toward wearable electronics (Fig. 2j).

X-ray photoelectron spectroscopy (XPS) analysis was
further executed to examine the characteristic binding
energies of the C 1 s and N 1 s peaks of the G-PANI@
pcPU fabrics. In Fig. S3, the peaks located at 284.8, 400.6,
and 532.9 eV can be allocatedto C 1s,N1s,and O 1s,
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erties of the cPU and G-PANI@pcPU fabrics. Inset: photograph of
G-PANI@pcPU fabric suspending a weight of 140 g. g The water
contact angles of various fabrics

respectively, which further confirm the presence of C, N,
and O in G-PANI@pcPU [54]. As shown in Fig. 3a, the Cls
peak is composed of four Gaussian peaks with binding ener-
gies of C=C (284.8 eV), C-N (285.5 eV), C-0 (286.2 eV),
and O-C=0 (288.4 eV). The existence of the C-N peak
composition at 285.5 eV demonstrates that a considerable
amount of PANI is compounded with RGO [55]. The N 1 s
spectrum in Fig. 3b indicates that most N atoms of PANI
are in the form of benzenoid amine (-NH-) centralized at
399.4 eV with secondary small peaks, including quinoid
imine (—N=) (398.2 eV) and positively charged N atoms
(-NH*-) (401.0 eV) [51]. Figure S4 shows the X-ray dif-
fraction (XRD) curves. For pure PU, the diffraction peak
appeared at approximately 260 =20°, indicating the crystal-
linity of polyurethane [56]. Compared with pure PU, cPU
shows obvious characteristic peaks of PANI. The character-
istic peaks of PANI emerge at 20=15.1°, 20.9°, and 25.1°
on the broad background. The peaks at 25.1° and 20.9° are
the crystalline peak and amorphous peak, respectively [57].
The characteristic peaks of the G-PANI@pcPU fabric are
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similar to those of cPU. Moreover, the crystalline peak at
25.1° is sharper than that of cPU, which implies an increase
in the crystalline phase and strengthened stacking along the
specific direction of PANI in the G-PANI@pcPU fabric [58].
This is possibly due to aniline polymerization on the sur-
faces of RGO, wherein the confined spaces can induce align-
ment in PANI chains and lead to higher crystallinity [59].

Raman spectra were used to demonstrate that GO was
successfully reduced by aniline. As shown in Fig. 3c, the D
and G band peaks appear at ~ 1330 and ~ 1600 cm™", respec-
tively. Generally, the Ijy/I ratio increases from 0.85 to 1.14,
indicating that the reduction of GO did take place. In addi-
tion, the C 1 s XPS spectrum (Fig. 3d) was employed to ana-
lyze GO and G-PANI. Although G-PANI and GO show the
same oxygen functional group, the peak intensity of G-PANI
is much smaller than that of GO, proving considerable deox-
ygenation by the reduction process. The reduction of GO by
aniline is also confirmed by Fourier transform-infrared spec-
troscopy (FT-IR). As described in Fig. 3e, the C=0-stretch-
ing vibration peak (1726 cm™), the vibration and deforma-
tion peaks of O—H groups (3395 cm™! and 1410 cm™"), and
the C—O-stretching peak (1052 cm™!) decrease dramatically
or disappear. These observations confirm that most of the
oxygen functional groups in GO are removed. We further
used FT-IR spectroscopy to investigate the effect of differ-
ent GO contents on the formation of G-PANI. Typically,
all resultant G-PANI composites possess the characteristic
peaks of PANI, such as C—C stretching of the quinonoid ring
and benzenoid ring at 1561 and 1466 cm™!, C-N stretching
of secondary aromatic amines at 1299 cm™!, C-H stretch-
ing of the benzenoid ring at 1244 cm™!, and -NH- bond at
1140 cm™! ascribed to the emeraldine form of PANI [60,
61]. It has been reported that the -NH- bond determines the
conductivity of PANI in different oxidation states. Impres-
sively, G-PANI maintains a higher absorption peak intensity
than G-PANI-1 and G-PANI-2, implying the best electro-
chemical performance [57].

The mechanical properties of the cPU and G-PANI@
pcPU fabrics were investigated by stress—strain measure-
ments (Fig. 3f). The G-PANI@pcPU fabric is found to pro-
vide a tensile strength of 1.61 MPa with a large elongation at
break of 400%. Compared with cPU, G-PANI@pcPU exhib-
its distinctly improved tensile stain, which is attributed to
the incorporation of RGO. The decrease in tensile strength
may result from the PU structure being destroyed by the
acidic environment during the reaction [62]. Astonishingly,
the G-PANI@pcPU fabric can easily bear a weight of 140 g
(Fig. 3f inset). Water droplet contact angle measurements
are executed to determine the interaction between the elec-
trode liquid/solid interface. After a two-step self-assembly
treatment, the average contact angles on the G-PANI@pcPU
electrode surfaces drop sharply compared with that of cPU.
The G-PANI@pcPU electrode has the smallest water contact

angle (24.7°), confirming sufficient infiltration of the elec-
trolyte. Notably, the hydrophilic surface of the electrodes is
crucial to obtain better performance, because it facilitates
fast ion diffusion and accumulation [63].

The electrochemical characteristics of the cPU, pcPU,
G-PANI-1@pcPU, G-PANI-2@pcPU, and G-PANI@pcPU
electrodes were investigated using a three-electrode system
ina 1 M H,SO, electrolyte. Figure 4a demonstrates that the
G-PANI@pcPU electrode exhibits the largest cyclic voltam-
metry (CV) curve area compared to those of cPU and pcPU
(Figs. S5, 6, 7) after two self-assembly reactions. Moreover,
the energy-storage capacities of different G-PANI@pcPU
fabrics were evaluated by controlling the GO content in the
second self-assembly process. The results showed that the
CV area of G-PANI@pcPU (40 mg GO) was larger than that
of G-PANI-1@pcPU (30 mg GO, Fig. S8) and G-PANI-2@
pcPU (50 mg GO, Fig. S9). A larger CV area leads to better
charge storage and electrochemical performance. Impres-
sively, the CV curves show rectangular shapes with super-
imposed redox peaks, indicating the coexistence of electric
double-layer capacitance and pseudocapacitance. However,
the CV curves are distorted at high scan rates due to the
pseudoreversible kinetics of PANI redox [64]. The galva-
nostatic charge/discharge (GCD) curves (Figs. 4b, S10, 11,
12, 13, 14) reveal that G-PANI@pcPU possesses the best
energy-storage capability and invertible ion transportation.
Figure 4c shows the specific areal capacitance derived from
the GCD curves. Significantly, G-PANI@pcPU shows the
highest capacitance (1512.5 mF cm™2 at 2 mA cm™2), which
is much better than those of cPU (39.5 mF cm™2), pcPU
(101 mF cm™2), G-PANI-1@pcPU (560.8 mF cm™2), and
G-PANI-2@pcPU (1114.4 mF cm™2).

Figures 4d and S15 depict the Nyquist plots simulated
by the equivalent circuit model, featuring a depressed
semicircle (high frequencies), Warburg diffusion (medium
frequencies), and vertical line of intercalation capacitance
(low frequencies). In this system, the internal resistance (R;),
charge transfer resistance/double-layer capacitance (C,/R)),
diffusion impedance (Z,,), and intercalation capacitance
(C,) were utilized. As obtained from the simulated results
in Table S1, pcPU maintains a lower R, of 3.03 Q compared
to cPU (4.21 Q), which is due to the enhancement of con-
ductivity by the chemical polymerization of PANI. After
anchoring G-PANI, the internal resistance of G-PANI@
pcPU further decreases to 1.87 Q. In addition, G-PANI@
pcPU maintains the lowest C,/R; resistance of 1.87 ©/0.67
mF compared to cPU (22.5 ©/0.16 mF) and pcPU (14.3
Q/0.24 mF). It was found that G-PANI further increases the
electrical conductivity and double-layer capacitance. The Z,,
G-PANI@pcPU has a smallest resistance (4.8 ) compared
to those of cPU (153.9 Q) and pcPU (36.5 Q), revealing that
G-PANI introduces abundant porous channels for electrolyte
ion fast dynamic diffusion. Therefore, G-PANI@pcPU has
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Fig.4 Electrochemical performances of electrodes in a 1 M H,SO,
electrolyte. a CV curves at 2 mV s~'. b GCD curves at 2 mA cm ™.
¢ Specific areal capacitances at different current densities and d EIS
of cPU, pcPU, G-PANI-1@pcPU, G-PANI-2@pcPU, and G-PANI@
pcPU. Inset: the depressed semicircle and equivalent circuit model of

a higher intercalation capacitance (12.6 mF) compared to
those of cPU (0.83 mF) and pcPU (1.5 mF). As described
in Fig. S16, compared to pcPU, G-PANI@pcPU contains
more meso- and macropores. The resultant G-PANI@pcPU
exhibits an SSA of 19.43 m? g~!, which is larger than that
of pcPU (5.06 m? g~!) and can provide smooth pathways for
ion accumulating and transporting. Electrochemical kinetic
analysis was further performed to investigate the energy-
storage mechanism controlled by the electrode surface
capacitance and diffusion of the G-PANI@pcPU electrode.
The current I is related to the scan rate following the equa-
tion Ip =ay® [65], where Ip, v, a, and b are the peak current,
scan rate, and constant terms, respectively (Fig. 4e). After
calculation, the b value is 0.62 by fitting the peak currents at
1to 20 mV s~!, indicating that the electrochemical behavior
of G-PANI@pcPU involves diffusion and capacitive control
processes [66]. Moreover, the detailed capacitive contribu-
tions at different scan rates are shown in Figs. S17 and 4f.

@ Springer

Potential (V)

Time (s)

Nyquist plots. e Log (scan rate) versus log (peak current) graph of the
G-PANI@pcPU fabric. f Capacitive contributions at different scan
rates. g Specific areal capacitances and h CV curves at different mass
loading of G-PANI@pcPU. i Specific areal capacitances at different
current densities of G-PANI@pcPU when the load is 35 mg cm™2

When the scan rate increases, an increasing trend in capaci-
tance control and a decreasing trend in diffusion contribution
are observed. Typically, the capacitive contribution reaches
up to 70.3% at a high scan rate of 20 mV s™!.

In addition, the energy-storage performances under dif-
ferent load masses were also explored. When the loading
mass of G-PANI on pcPU was controlled at 35 mg cm ™2, the
Crea1 Of the G-PANI@pcPU fabric reached up to 5093.7 mF
cm™2 (Fig. 4g). Figures 4h and S7, 18, 19, 20 exhibit the CV
curves of the G-PANI@pcPU electrode under different mass
loadings. When the load was 35 mg cm ™2, it also presented
the largest CV curve area. The specific areal capacitances
calculated from the GCD curves (Figs. 41, S21, 22, 23) show
that a good C,,, can be retained at 455 mF cm™2 at a higher
current density of 20 mA cm™>

To further enrich the practical applications, a solid-state
symmetric flexible S-SC is constructed by assembling two
G-PANI@pcPU fabric electrodes with one conductive
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H,S0O,-polyvinyl alcohol (H,SO,-PVA) electrolyte layer.
Figure 5a shows that no obvious redox peaks are inspected
in the CV curves of symmetric G-PANI@pcPU S-SC, which
is due to the overlapping of redox transformation processes
of PANI between the leucoemeraldine and pernigraniline
states. The GCD curves of G-PANI@pcPU S-SC in the
range of 0.2 to 2 mA cm™2 show an asymmetric triangle
shape and some initial potential drops, which is ascribed
to the high resistance of the insulating elastic PU sub-
strate. In addition, Fig. 5c shows the C, ., of G-PANI@
pcPU S-SC by GCD curve calculation. The highest C,..,
of the device is 3,113.7 mF cm~2 at 0.2 mA cm™2, which
retains a good capacitance of 615.5 mF cm~2 at 2 mA cm™2.
More meaningful parameters, including energy density and
power density, are used for evaluation. As described from
the Ragone plot (Fig. 5d), G-PANI@pcPU S-SC has high
energy densities of 69.2—13.7 pyWh cm™~2 at power densi-
ties of 41.9-263.0 pW cm™2. To the best of our knowledge,
this level is superior to that of most stretchable superca-
pacitors reported in the literature (CNT/PEDOT:PSS of 3.6
puWh cm™2; Ag-O -SWCNT of 0.41 pWhcm™2; Mo @Paper
of 4 yWhcm™; PANI@F-MWCNT @silk of 12.2 pWh
cm™% CNT/MnO, of 15.2 pWh cm™%; anodized Mo of 0.37
pWh cm™2; MXene@CW of 10.1 pWh cm™2; 3D porous
PEDOT:PSS/graphene of 2.24 pWh cm™2) [67-74].
Long-term cycling stability was measured to estimate
the cycle life of G-PANI@pcPU S-SC, as shown in Fig. Se.
A capacitance retention of 86.7%, along with a coulombic
efficiency of 96.7%, at 2 mA cm™2 after 8000 cycles is real-
ized for G-PANI@pcPU S-SC, demonstrating good cycling
stability. By connecting two G-PANI@pcPU S-SCs in series
(Fig. 5f), the output voltage can be increased from 0.8 to
1.6 V at a current density of 2 mA cm™2. Obviously, the out-
put current can be increased by paralleling two G-PANI@
pcPU S-SCs, wherein the discharge time is approximately
two times larger, compared with that of a single S-SC under
the same operating voltage. To satisfy the essential wearable
applications, the deformable stability of the device was also
evaluated. As shown in Fig. 5g, the CV curves of S-SC basi-
cally show no notable changes under different folded angles
from O to 180°. Additionally, when the S-SC is repeatedly
applied in the 120° folded state for 5000 cycles, an excel-
lent capacitance retention of 86.7% is obtained. The S-SC
also maintains remarkable stretchable stability when with-
standing 20 to 80% stretched deformations. Furthermore, the
S-SC preserves a significant capacitance retention of 84.1%
when suffering from the 60% strain of consecutive stretch-
ing. Notably, these high folding/stretchable performances
result from centrifugal electrospinning and two-step self-
assembly processes, which are vital for smart electronics and

wearable devices. The efficient energy-storage mechanism
is illustrated in Fig. 5i. Due to the incoherent conductive
network of cPU fibers, only minimal pseudocapacitance can
be generated from redox reactions, and fewer ions can be
accessed by electrolyte ions for slow migration and infiltra-
tion. After in situ polymerization of PANI and introduction
of G-PANI, the extended conductive networks on PU fibers
are coherently constructed, which promotes interlayer elec-
tron conduction, making it highly interfacial charge transfer
and reversible charge/discharge capability.

Our efforts have been focused on developing substantial
application archetypes with potentially practical uses. Gener-
ally, as demonstrated in Fig. 6a and Video S1, the S-SC sig-
nificantly lights up the integration of 3 LEDs in parallel. The
stretching of S-SC has no noticeable impact on the brightness
of the LEDs from 30 to 100% stretched deformations, making
it suitable for applications in smart wearable electronics. As
shown in Figs. S24, S25, Video S2, and Video S3, the above
conclusion can also be drawn when S-SC in other deformation
(such as twisted and rubbed) lights up LED. Despite being
stretched at 50% deformation, the S-SC can reliably power the
calculator (Fig. S26). Afterward, it can be applied to provide
an energy supply for real-life objects, such as a watch (Figs. 6b,
S27 and Video S4). Impressively, finger joint movement does
not have a considerable influence on the performance of the
power supply. The S-SC can offer sufficient energy supply to
drive an electric fan (Fig. S28) as well as a toy car (Fig. 6c,
Video S5). It can provide enough energy for a toy car to move
forward approximately 70 cm. To verify its application under
high-power needs, three S-SCs were connected in series to
light lamps with greater power (Fig. 6d, Video S6). By effi-
ciently powering those useful devices, G-PANI@pcPU S-SC
demonstrates great potential as a supplement or replacement
for flexible batteries in the future.

Conclusions

In summary, we report a heterostructured G-PANTI hier-
archical fabric. Centrifugal electrospinning and solution
self-assembly resulted in uniform G-PANI@pcPU struc-
ture, with outstanding elasticity (elongation: 400%), large-
scale production (>90 cm?), and superior C,,., (5093.7
mF c¢cm~2 in H,SO, electrolyte). The solid-state super
capacitor (S-SC) made of this electrospun G-PANI@pcPU
delivers a high areal energy density of 69.2 pWh cm™,
capacitance of 3113.7 mF cm™2, and sustainable perfor-
mance versus stretching (84.1% capacitance retention after
5000 cycles), and folding (86.7% capacitance retention
after 5000 cycles), in the H,SO,-PVA electrolyte. Notably,
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Fig.6 The prototypes of actual powered applications. a Photographs of S-SC to power LEDs under stretching states. b Photographs of S-SC to
power watch under bending states. ¢ Photographs of S-SC to power toy car. d Photographs of three S-SC in series to power lamp

the G-PANI@pPU S-SCs can power LED lights at 100%
strain, smart watches at bending deformation, toy cars,
and lamps. Our work offers a significant step to realize the
advanced electrode design and manufacturing of flexible
supercapacitors in energy-storage technology, which might
provide a new idea to guide development in the wearable
industry.
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