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BUILDING ADVANCED MATERIALS VIA PARTICLE AGGREGATION AND MOLECULAR SELF-ASSEMBLY
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Wire-shaped supercapacitors (WSSCs) hold great promise in portable and wearable electronics. Herein, a novel
kind of high-performance coaxial WSSCs has been demonstrated and realized by scrolling porous carbon
dodecahedrons/Al foil film electrode on vertical FeOOH nanosheets wrapping carbon fiber tows (FeOOH NSs/
CFTs) yarn electrode. Remarkably, ionogel is utilized as solid-state electrolyte and exhibits a high thermal/
electrochemical stability, which effectively ensures the great reliability and high operating voltage of coaxial
WSSCs. Benefiting from the intriguing configuration, the coaxial WSSCs with superior flexibility act as efficient
energy storage devices and exhibit low resistance, high volumetric energy density (3.2 mW h/cm3), and strong
durability (82% after 10,000 cycles). Importantly, the coaxial WSSCs can be effectively recharged by harvesting
sustainable wind source and repeatedly supply power to the lamp without a decline of electrochemical
performance. Considering the facile fabrication technology with an outstanding performance, this work has
paved the way for the integration of sustainable energy harvesting and wearable energy storage units.

Introduction
Although there is a rapid growth of portable and wearable

electronics [1, 2, 3, 4, 5, 6, 7, 8, 9], a crucial challenge facing

today is the development of lightweight, flexible, and high-

performing energy storage devices [10, 11, 12, 13]. Super-

capacitors (SCs) showing inherent rapid charge/discharge

characteristics alongside unlimited lifetime have been consid-

ered as promising energy storage devices to supply power for

various electronic devices [14, 15, 16, 17, 18, 19, 20]. A recent

development in wire-shaped SCs (WSSCs) shows great promise

in portable and wearable electronics applications due to their

less weight, tiny volume, and high flexibility [21, 22, 23, 24].

While several morphologies of WSSCs have been studied and

reported, WSSCs in the shape of two twisted yarn electrodes

have been explored extensively than the others. However, there

are shortcomings with respect to acquiring efficient active area

and large contact resistance between the two yarn electrodes in

the fabricated WSSCs.

To circumvent these obstacles, WSSCs with coaxial struc-

tures can be designed and fabricated to provide the advantage

of high active area for the electrode with much lower contact

resistance leading to an efficient ionic diffusion and charge

transport, in turn resulting in high electrochemical perfor-

mance. Xu et al. [25] designed a coaxial WSSC by wrapping

conducting carbon paper on MnO2-coated gold wire. The

coaxial WSSCs can make full use of both the inner and outer
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active materials, which represent remarkable electrochemical

behaviors, including low resistance, high specific capacitance,

good rate, and cycle capability. To further enhance the mechan-

ical stability, carbon fibers were applied to replace the metal

wires as inner electrode. Le et al. [24] reported a coaxial fiber

WSSC consisting of carbon fibers coated with carbon nanotubes

as an inner electrode and carbon nanofiber film as an outer

electrode. The fabricated WSSCs exhibited high flexibility and

delivered a maximum energy density of 9.8 lW h/cm2. Despite

making progress, high energy density was not achieved in coaxial

WSSCs based on aqueous gel electrolyte because of the narrow

decomposition voltage of water (,1.2 V). Therefore, it still

remains a challenging task to develop coaxial WSSC with a wide

operating voltage and high energy density.

Since the energy density of SCs is proportional to the square

of the operating voltage, the amount of energy stored in SCs

depends essentially on the stability window of electrolytes. Ionic

liquids (ILs) have been widely investigated as a kind of novel

electrolytes for high-performance SCs because of the high

operating voltages (.2.5 V), non-volatility, nonflammability,

and high thermal/chemical stability [26, 27, 28, 29, 30].

Meanwhile, incorporating IL electrolyte into a polymer matrix

can be used to produce a solid IL gel (also called ionogel)

electrolyte. Similar to the IL electrolyte, ionogel served as the

solid-state electrolyte, which can effectively improve the voltage

range, thereby resulting in the high energy density of SCs [31,

32]. Nevertheless, to the best of our knowledge, there have been

no reports on the construction of coaxial WSSCs using an

ionogel electrolyte.

Herein, an ingenious strategy to fabricate coaxial WSSCs

using an ionogel electrolyte has been reported. The WSSCs are

realized by scrolling porous carbon dodecahedrons/Al foil (PCDs/

ALF) film electrode on vertical iron oxyhydroxide lepidocrocite

(FeOOH) nanosheets wrapping carbon fiber tows (FeOOH NSs/

CFTs) yarn electrode. Benefiting from the intriguing configura-

tion, the coaxial WSSCs with superior flexibility act as efficient

energy storage devices exhibiting low resistances, ultrahigh energy

densities, and a strong durability. As a result, the fabricated

WSSCs with a high voltage of 3 V can be effectively recharged by

harvesting sustainable wind energy and are capable of repeatedly

lighting up a 1 W lamp for a long duration without a reduction in

the electrochemical performance. Therefore, this work sheds light

on the integration of sustainable energy harvesting and wearable

energy storage devices.

Results and discussion
As represented in Fig. 1(a), the FeOOH NSs/CFTs yarn

electrode has been synthesized by a simple one-step electro-

chemical deposition technique, which is directly used as the

yarn electrode of WSSCs, and the digital photograph of

FeOOH NSs/CFTs yarn electrode is also shown in Fig. 1(a).

Field emission scanning electron microscope (FESEM) images

show the surface morphology of FeOOH NSs/CFTs yarn

electrode. The FeOOH NSs/CFTs after growth FeOOH NS is

separated from each other [Fig. 1(b)], retaining a large

specific area of CFTs, which facilitates the rapid transfer of

ions and electrons in the electrolyte. The enlarged high-

power SEM images [Fig. 1(c)] show that the ultrathin

FeOOH NSs are uniformly and vertically deposited with

good conductivity and high flexibility of carbon fiber taws,

and the vacant volume reserved between interleaved FeOOH

NSs not only increases the surface area of the electrode but

also provides a great quantity of highly electrochemi-

cally active sites [33, 34]. In the X-ray diffraction (XRD)

patterns [Fig. 1(d)] of CFTs and FeOOH NSs/CFTs, the

broad diffraction peaks at 25° correspond to the [002]

diffraction of carbon, which is assigned to CFTs. The other

diffraction peaks in FeOOH NSs/CFTs are attributed to

the orthorhombic-type c-FeOOH (JCPDS no. 08-0098). In

addition, the FeOOH NSs/CFTs without other diffraction

peaks indicate that uniform crystal was formed and no

impurity sample was obtained [35, 36, 37]. The correspond-

ing X-ray photoelectron spectroscopy (XPS) provides further

information about the chemical states of FeOOH NSs/CFTs.

There are two main peaks at binding energies of 711.3 and

724.8 eV for Fe 2p3/2 and Fe 2p1/2, respectively, while with

two shake-up satellite peaks at 719.5 and 732.1 eV, which are

the typical characteristics of Fe31 in FeOOH [38, 39] [Fig. 1(e)].

Similarly, Fig. 1(f) shows the high-resolution O 2p XPS

spectrum of FeOOH NSs/CFTs, which could be fitted into

the two main constituent peaks— namely, the Fe–O–Fe bond

and Fe–O–H bond [37, 40, 41].

Figure 1(g) shows the cyclic voltammetry (CV) curves of the

FeOOH NSs/CFTs yarn electrode in EMIMBF4 IL electrolyte

using three-electrode setup, which was tested over a wide range

of �1.5 to 0.5 V at a scan rate of 10, 20, 50, and 100 mV/s. The

CV profiles are characterized by redox peaks with the redox

plateaus affirming the occurrence of a Faradaic process. Fur-

thermore, FeOOH NSs/CFTs yarn electrode shows a rectangular

shape at scan rates up to 100 mV/s, indicating excellent electro-

chemical stability of the electrode. Figure 1(h) shows galvano-

static charge/discharge (GCD) curves of FeOOH NSs/CFTs yarn

electrode from 1 to 8 mA/cm2; the electrode delivers a high areal

capacitance of 198 mF/cm2 at 1 mA/cm2, which is mainly owing

to the favorable ionic diffusion of FeOOH NSs/CFTs yarn

electrode in ionogel electrolyte. In addition, the FeOOH NSs/

CFTs yarn electrode exhibits excellent rate performance

[Fig. 1(i)]; the capacitance measured at 10 mA/cm2 still retains

75% of its value at 1 mA/cm2.

A facile coating method for PCDs/ALF film electrode is

shown in Fig. 2(a), and the detailed preparation process is
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described in “Experimental Section.” FESEM image [Fig. 2(b)]

reveals the microscopic morphology of PCDs/ALF film elec-

trode. The magnified images of Fig. 2(c) further show that the

uniform-sized polyhedral PCDs particles (�1 lm) are uni-

formly distributed on the surface of Al film with the action of

conductive agent and binder, and form a stable 3D structure.

The crystalline structure of PCDs was investigated by XRD

[Fig. 2(d)], two broad peaks attributed to [002] and [101],

confirming the amorphous structure of carbon [42, 43]. The

pore structure of the PCDs was studied by the N2 adsorption–

desorption isotherms, as shown in Fig. 2(e). Obvious adsorp-

tion in the low-pressure region and the hysteresis loop in the

medium- to high-pressure region indicate the presence of

micropores and mesopores, respectively. The Brunauer–

Emmett–Teller specific surface area is 2060 m2/g, with aplenty

of pores (,4 nm). The micropores enable strong physical

adsorption of ions in the electrolyte and the mesopores provide

sufficient routes for ion migration [44, 45].

Figure 2(f) demonstrates the CV curves of PCDs/ALF film

electrode and in three-electrode system with EMIMBF4 IL

electrolyte at a potential window of 0–1.5 V. The PCDs/ALF

film electrode exhibits quasi-rectangular shape without obvious

redox peaks at different scan rates, which reveal that the typical

carbon-based EDLC-type charge storage behavior [46]. More

importantly, the PCDs/ALF film electrode still exhibits a highly

symmetrical CV curve at the scan rates up to 100 mV/s,

suggesting that the PCDs/ALF film electrode has a strong

reversibility. The GCD curves of PCDs/ALF film electrode at

different current densities from 1 to 8 mA/cm2 [Fig. 2(g)]

display typical capacitor triangle shapes, which are in good

agreement with the highly symmetric CV profiles, and it is

easily observed for non-Faradaic charge storage material [47].

The calculated specific capacity of the PCDs/ALF film electrode

from GCD curves is 268 mF/cm2 at 1 mA/cm2. The specific

capacitances of PCDs/ALF film electrode at various current

densities in Fig. 2(h) show the outstanding rate performance.

Up to the high current density of 10 mA/cm2, the PCDs/ALF

film electrode delivers 196 mF/cm2.

Figure 3(a) depicts the assembly process of the FeOOH

NSs/CFTs yarn electrode encapsulated by PCDs/ALF with

Figure 1: (a) Schematic and digital photograph of FeOOH NSs/CFTs yarn electrode. (b and c) SEM images of FeOOH NSs/CFTs. (d) XRD patterns of CFTs and
FeOOH NSs/CFTs. High-resolution (e) Fe 2p and (f) O 2p XPS spectrum of FeOOH NSs/CFTs. (g) CV curves of FeOOH NSs/CFTs yarn electrode at different scan rates.
(h) GCD curves and (i) areal capacitance of FeOOH NSs/CFTs yarn electrode at different current densities.
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ionogel electrolyte as coaxial WSSCs, denoted as FeOOH NSs/

CFTs//PCDs/ALF, in which PCDs/ALF is the positive electrode

and FeOOH NSs/CFTs is the negative electrode material. The

high specific surface area of FeOOH NSs/CFTs not only was

fully utilized as the effective electrode area for coaxial WSSCs

but also further ensures the mechanical stability, flexibility, and

stretchability of coaxial WSSCs. The final fabricated coaxial

WSSCs [Fig. 3(b)] was found to be 7 cm in length. The

morphology of coaxial WSSCs was characterized by FESEM

[Fig. 3(c)]. It is found that the FeOOH NSs/CFTs yarn

electrode is completely and tightly encapsulated by PCDs/

ALF under the action of ionogel electrolyte. Figure 3(d) shows

the CV curves of the WSSC device in the potential range of 0–

3 V at different scan rates. It is observed that the CV profiles

are quasi-rectangular in shape with noticeable redox peaks,

suggesting the existence of both Faradaic and non-Faradaic

charge storage processes in the electrode. Moreover, the CV

shape was well maintained even at high scan rate of 100 mV/s,

revealing fast charge and discharge properties of the WSSCs

device. The reaction kinetics and charge transport properties

of the WSSCs device were investigated by the electrochemical

impedance spectroscopy (EIS) [Fig. 3(e)]. The typical Nyquist

plot includes two regions: one is high-frequency region (inset),

which is shown as a small semicircle indicating low charge

transfer resistance (Rct), and the other is low-frequency region,

in which the impedance plot is quasi-vertical line indicating the

excellent capacitive behavior of the WSSCs device [48, 49].

GCD curves of the as-fabricated coaxial WSSCs device at

different current densities from 1 to 8 mA/cm2 are presented

in Fig. 4(a). Highly similar curves indicate excellent cycle

stability of the device. By calculation, the device delivers

excellent area capacitance of 72.5 mF/cm2 at the current

density of 1 mA/cm2. It is noted that the coaxial WSSCs

device is stable without any appreciable degradation of

electrolyte or redox of the electrodes up to a voltage of 3 V.

Moreover, the energy density of coaxial WSSCs is 68 lmW h/

cm2 at the power density of 1.47 lW/cm2 and remains 41.1

lmW h/cm2 at 13.45 lW/cm2 [Fig. 4(b)], which is the among

the best of various coaxial WSSCs reported in literature [24,

50, 51, 52, 53, 54, 55].

Figure 2: (a) Schematic diagram of the synthetic route of PCDs/ALF film electrode. (b and c) SEM images of PCDs/ALF film electrode with different magnifications.
(d) XRD patterns and (e) N2 adsorption–desorption curve and pore size distribution (inset) of PCDs. (f) CV curves of PCDs/ALF film electrode at different scan rates.
(g) GCD curves and (h) areal capacitance of PCDs/ALF film electrode at different current densities.
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To further investigate the robustness and mechanical

strength of the fabricated device and to study the device

electrochemical performances, the as-fabricated coaxial WSSCs

device was twisted into different angles [Fig. 5(a)]. The device is

found to have good flexibility and mechanical stability, in-

dicating that the coaxial WSSCs device possesses the desired

functional characteristics. The flexible device showed excellent

capacitive stability when the device was bent in various bending

angles [Fig. 5(b)]. The device displays almost 100% overlap of

CV curves at the bending angles of 0°, 50°, 100°, and 180°,

demonstrating good electrochemical stability of the device. The

durability test of the device was carried out by performing

10,000 cycles under straight and curved conditions; the device

was charged and discharged at a current density of 200 mA/

cm2, which is shown in Fig. 5(c). The device retains 87%

straight and 82% bending of its initial capacitance after the

cycling tests, demonstrating its good stability with long cycle

life.

The development of miniaturized storage device has a great

significance for the use of renewable clean energy, especially for

easy access to natural energy. Previous literature reports

integrating wind-driven generator (WDG) with SCs, due to

the fast charging–discharging capability and long cycle life of

SCs [56, 57, 58]. For a real application, the system was built

using the universal availability of harvesting sustainable wind

energy with the speed of 22–28 km/h [Fig. 6(a)]. The real-

Figure 3: (a) Schematic diagram of assembly of FeOOH NSs/CFTs//PCDs/ALF coaxial WSSCs. (b) Digital photograph and (c) SEM image of coaxial WSSCs. (d) CV
curves of fabricated coaxial WSSCs at different scan rates. (e) The Nyquist plots of coaxial WSSCs.

Figure 4: (a) GCD curves of coaxial WSSCs at different current densities. (b) The Ragone plots displaying energy and power densities of fabricated coaxial WSSCs
device in comparison with other SCs; inset shows WSSCs device can lighten up a red LED indicator.
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time photograph [Fig. 6(b)] depicts the charging process of

the fabricated coaxial WSSCs device that connected to

a miniature WDG, followed by an electronic regulator. Depend-

ing on the circuit configuration, wind energy from the WDG

powers the electronic regulator, supplying a constant output

current to the coaxial WSSCs and storing the harvested energy.

Figure 6(c) demonstrates the performance of the fabricated

WSSCs device soon after charging with wind energy, while the

inset clearly shows the lighting of the commercial red indicator

(1 W/1.6 V). Thus, the fabricated WSSCs device was able to

charge itself from the wind power and deliver the stored energy

for glowing the light emitting diode (LED). The outcome of the

present study clearly suggests the possible potential utilization of

the textile structures for commercial usage in the future. This

method can be utilized in industrial scale to fabricate a device to

store and supply energy to portable electronic appliances during

a power outage in the grid lines as this device can be charged

using wind power.

Conclusion
In summary, a kind of high-performance coaxial WSSCs has

been demonstrated and is realized by encapsulating PCDs/ALF

film electrode on FeOOH NSs/CFTs yarn electrode. Remark-

ably, the vertically oriented FeOOH NSs and cross-linked

electroactive network on CFTs are much favorable for the

ionic diffusion and charge transport in between PCDs/ALF

film. Furthermore, ionogel utilized as solid-state electrolyte

exhibits high thermal/electrochemical stability, which effec-

tively ensures the great reliability and high operating voltage of

coaxial WSSCs. Compared with other energy conversion and

storage units [59, 60, 61, 62, 63, 64, 65, 66], coaxial WSSCs

not only show superior flexibility and wearability but also

exhibit low resistance, high volumetric energy density (3.2

mW h/cm3), and strong durability (82% after 10,000 cycles).

More importantly, the coaxial WSSCs device with high

voltage of 3 V can be effectively recharged by harvesting

sustainable wind source and repeatedly supply power to the

lamp without a decline of electrochemical performance.

Experimental section
Preparation of FeOOH NSs/CFTs yarn electrode

All the reagents were of analytical grade and were used

without further purification. Pristine CFTs with a diameter

of 1.6 mm were placed into concentrated nitric acid after

cleaning with acetone, ethanol, and deionized water for

several times and dried at room temperature. The treated

CFTs, as the working electrode, was immersed into the

solution mix containing 0.01 M Fe(NH4)2(SO4)2�6H2O and

0.04 M CH3COOK in the solvent mixture of water and

ethanol in 9:1 ratio by volume. A platinum foil and an Ag/

AgCl electrode were set as counter and the reference

Figure 5: (a) Stability test of coaxial WSSCs device under different bending conditions. (b) CV curves of the device under different mechanical bending angles at
a scan rate of 50 mV/s. (c) Capacitance retention test of the device in the straight and bending conditions.

Figure 6: Proof of concept in wind energy applications. (a and b) Real-time
photograph of the charging process of the WSSCs by harvesting sustainable
wind energy. (c) Digital image shows the WSSCs as efficient wearable energy
storage devices after charging can lighten up a red LED indicator.
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electrodes, respectively. Vertical FeOOH NSs were electro-

deposited on CFTs under a constant potential of 0.65 V at

70 °C for 1 h. After that, the FeOOH NSs/CFTs yarn electrode

was washed with deionized water to remove residual solvents

and dried at 60 °C in a vacuum oven.

Preparation of PCDs/ALF film electrode

First, PCDs were derived from a zeolitic imidazole metal–

organic framework (ZIF-8). Zinc acetate (48 mM) was dis-

solved in 200 mL methanol solution containing polyvinyl

pyrrolidone (0.4 mM). The mixture was then placed in

a refrigerator (;4 °C) for 1 h. Meanwhile, 200 mL of 2-

methylimidazole (160 mM) methanol solution was cooled in

the same condition. Sequentially, the two solutions were mixed

and incubated at room temperature overnight. The ZIF-8 was

received under vacuum drying after centrifugation and wash-

ing, which was then calcined at 900 °C for 5 h under Ar

atmosphere to obtain PCD powder. After that, the mixture of

resultant PCDs (85 wt%), Super P (5 wt%), and polytetra-

fluoroethylene (PTFE) (10 wt%) was uniformly coated onto the

surface of flexible ALF, followed by a drying-solidifying process

in the oven at 60 °C to form PCDs/ALF film electrode.

Assembling of coaxial WSSCs

Ionogel electrolyte was prepared with 0.5 g poly(vinylidene

fluoride-hexafluoropropylene) (PVDF-HFP), 2 g EMIMBF4 IL,

and 4 mL of acetone solution. The FeOOH NSs/CFTs yarn

electrode (cut into 5 cm) was lightly twisted to form a round

bundle for use as the inner electrode of coaxial WSSCs.

Meanwhile, PCDs/ALF film electrode was cut into 5 cm �
0.5 cm pieces. The well-prepared yarn and film electrodes

were both immersed into the viscous electrolyte solution, with

end part (;1 cm in length) kept above the solution. After being

taken out, two electrodes were completely encapsulated in the

ionogel electrolyte. At this moment, PCDs/ALF film as the

outer electrode was tightly surrounded onto the inner electrode

of FeOOH NSs/CFTs yarn, in which the ionogel electrolyte

acted as a glue to attach the two electrodes well. Finally, coaxial

WSSCs were obtained after the ionogel electrolyte solidified at

room temperature.

Fabrication of wind-charging power system

The miniature WDG was purchased Zongqing Gabosun

Technology Co., Ltd., Shijiazhuang, China, with a rotor con-

taining four blades (total diameter �10 cm). A miniature WDG,

an electronic regulator, and a coaxial WSSC were connected with

each other according to the circuit schematic, in which the

WDG converted wind power into electricity, electronic regulator

with the adjusted voltage of 3 V was used to supply constant

output current to a coaxial WSSCs, and the WSSCs store the

harvested energy. Simulative wind source is from draught fan.

To demonstrate the feasibility of the WSSCs charged by wind

power, a commercial red lamp (1 W/1.6 V) was used.

Characterization

FESEM (FEI Sirion 200, Japan) and transmission electron

microscopy (TEM; JEM-2010F, Japan) were carried out to

characterize the morphology of the samples. XRD patterns

were characterized on a powder XRD system with Cu Ka

radiation, and XPS measurements were performed on a Kratos

AXIS Ultra DLD spectrometer (U.K.) with Al Ka X-ray

source. All the electrochemical measurements were carried

out using a VMP3 multifunctional electrochemical analysis

instrument (Bio-Logic, France). Electrochemical behaviors

were investigated by CV, GCD, and EIS methods using

a VMP3 multifunctional electrochemical analysis instrument

(Bio-Logic, France). The CV and GCD tests were carried out

at various scan rates and current densities. The EIS plots were

performed in the frequency ranging from 0.05 Hz to 100 kHz

with 5 mV AC amplitude. The specific capacitance, energy,

and power density of coaxial WSSCs were calculated from the

galvanostatic discharge curve according to the two-electrode

systematic calculation method:

Cv ¼ IDt=VDU ;

Ev ¼ Cv DUð Þ2=7:2 ;

Pv ¼ 3600 � Ev=Dt ;

where Cv (mF/cm2) is the areal specific capacitance, Ev (lW

h/cm3) is the areal energy density, Pv (lW/cm3) is the areal

power density, I is the discharge current, Dt is the discharge

time, DU is the voltage variation during the discharge process,

and V (cm2) is the total area of fabricated devices. Addition-

ally, the electrochemical performance and areal specific

capacitance of single FeOOH NSs/CFTs yarn or PCDs/ALF

film electrode were measured according to the three-electrode

systematic method in EMIMBF4 IL electrolyte.
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