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Abstract

Fiber-shaped supercapacitors, which are energy-storage devices that feature flexibility
and wearability, could realize further gains in energy-storage performance if their
electrodes are properly designed. Herein, we present a high energy-performance and
flexible fiber-shaped supercapacitor by using PEDOT@MnO; and C@Fe;04
composites as the positive and negative electrodes, respectively. The as-fabricated
fiber-shaped supercapacitor with a high working voltage of 2 V exhibits a high areal
specific capacitance of 60 mF cm™ and a large energy density of 0.0335 mW h cm™.
This fiber-shaped supercapacitor exhibits good flexibility and particularly can be
deformed without energy-performance decay. Furthermore, this fiber-shaped

supercapacitor woven into a wristband in series can successfully power a LED,

1



indicating its promising practical application in wearable electronics.

Introduction

The design of wearable electronic devices, such as sensors, nanogenerators and
transistors, requires highly flexible energy storage devices as a power source.'™
Supercapacitors, with a long life cycle (>10° cycles), high power density (up to 10 kW
kg!), and excellent safety, have been considered as the most promising power source
for wearable electronic devices.*> Compared with the traditional 2-D planar structured
supercapacitors, fiber-shaped devices are particularly intriguing due to their excellent
flexibility and deformability. Recently, fiber-shaped supercapacitors have undergone
fast and extensive development.®!% It is expected that these devices could meet the
requirements of future wearable electronic systems and can be easily woven or knitted
into any desired shape. Although various fiber-shaped supercapacitors that have been
developed exhibited high flexibility, their simple, efficient and scalable fabrication still

presents a major challenge if their practical applications are to be fully realized.

In terms of selection of electrode materials, there are primarily two types of fiber-
shaped supercapacitors: symmetrical and asymmetrical. Symmetric fiber
supercapacitors usually use the same material (carbon materials or conductive polymers)
in electrode fabrication. However, the symmetric-type cell has a limited operating
working potential range from 0.6 to 1 V, and thus only relatively low energy density is
achieved according to the equation, E = 1/2CV2. ! Most reported symmetric fiber
supercapacitors display an energy density in a range of 10 to 102 mW h cm™ , which
cannot meet the requirement of practical applications.!?'* Asymmetric supercapacitors
(ASCs), which combine a faradaic redox electrode and a capacitor-type electrode, can
deliver a large energy density as a result of extending the effective voltage window up
to 2 V in aqueous electrolytes and blending the great specific capacity of the faradaic
redox electrode.!® Furthermore, ASCs can maintain fast charge/discharge rates due to
the usage of capacitive-type electrodes. According to the working principle of ASCs,
an appropriate electrode combination can even increase both the working voltage and
rate capability, further contributing to the improvement of the energy and power

densities. Recently, extensive studies have been devoted to building numerical ASCs,



such as rGO-RuO.//rGO-PANi, Ni(OH).—graphene//graphene, MnO»//graphene,
flower-like =~ Co(OH)2/  urchin-like VN,  MnO@TiN/EACC,  MoS,—
rGO/MWCNT//rGO/MWCNT, MnO,//WON-ASCs, GF/CNT/MnO//GF/CNT/Ppy,
and CoO@PPy//AC.'6-2* Although these ASCs have made great progress in improving
the energy/power performance, most of these asymmetric configurations are realized
based on the traditional planar design. Therefore, an efficient and systematic design to
improve both the energy and power densities of fiber supercapacitors presents a major

challenge in accelerating the practical applications of wearable electronics.

Stainless steel yarns, fabricated by using twist-bundledrawing multiple high-
temperature thin fibers together, with super strength, excellent flexibility and
conductivity can be considered as an excellent candidate in the form of the current
collector or scaffold for electro-active materials. Herein, PEDOT@MnO; and
C@Fe304 nanostructures were directly grown on the conductive yarn, serving as the
positive and negative electrodes, respectively. The assembled yarn ASC operates within
a high working potential up to 2 V, yielding a high areal and volumetric capacitance of
60 mF cm™ and 7.2 F cm™ at a current of 0.9 mA and a good rate capability. At a power
density of 0.6 mW c¢cm™? (72 mW cm™ ), the hybrid device achieved a high energy
density of 0.0335 mW h cm™ and 4.02 mW h ¢cm™ | so far, among the highest values

reported for fiber-shaped supercapacitors.

Method

Synthesis of PEDOT/MnO: and C/FeO electrodes

The PEDOT@MnO; composite electrode was fabricated by a two-step
electrodeposition process. MnO> was first electrochemically deposited on a stainless
steel fiber directly in 0.25 M Mn(NOs3); aqueous solution at 0.6 V vs. SCE for 1C. After
that, the resultant yarn was further electrodeposited with PEDOT at 1 V vs. SCE for 60
s in a solution of 0.07 M sodium dodecyl sulfate (SDS), 0.1 M LiClO4 and 0.05 M 3,4-
ethoxylene dioxythiophene (EDOT) at room temperature. The total mass of the
PEDOT@MnO> composite was 1.27 mg.

To synthesize a C@Fe304 electrode, a stainless steel fiber was electrodeposited with



Fe304 in a (NH4)2Fe(SO4)2 and KCH3COO solution at a constant voltage of 0.65 V for
1.2 C at 70 C. Afterwards, PEDOT was electrodeposited through the same method
mentioned above. Finally, the as-prepared PEDOT@Fe;04 electrode was annealed at
500 C for 3 h in Ar to obtain the C@Fe;04 electrode. The total mass of the C@Fe3;04

composite was 1.42 mg.

Material characterization

Field emission scanning electron microscopy (FESEM, JSM 7800F, JEOL, Japan) and
scanning electron microscopy (SEM, Leica Stereoscan 440) were employed to
investigate the surface morphologies of the as-prepared samples. Powder X-ray
diffraction (XRD, Rigaku D/Max-2400, Japan) was performed using Cu-Ka radiation
to investigate the structure and composition of the samples. Raman spectra of the
samples were recorded using a micro-Raman spectroscope (JY-HR800, the excitation

wavelength is 532 nm).

Electrochemical characterization of individual electrodes

Capacitance measurements were performed in 1 M LiCl aqueous electrolyte in a 3-
electrode cell setup with a CHI 760E electrochemical workstation. A single yarn, an
SCE electrode, and a large-area Pt foil served as the working, the reference, and the
counter electrodes, respectively. Electrochemical impedance spectra (EIS) were
measured at frequencies ranging from 0.01 Hz to 100 kHz with a potential amplitude
of 5 mV. All measurements were carried out at room temperature. Capacitances in the
three-electrode cell were calculated according to ref. 25. In brief, the capacitance of the
electrode (C) was calculated using the charge integrated from GCD and CV curves
individually according to the formulas:

It

C=3 (1)
ut,
C=—— [  iU)dU )

where / is the discharge current during GCD, ¢ is the discharge time during GCD, U is
the voltage range, vis the scan rate of the CV curve, and i(U) is the current during CV.
The yarn is approximately considered to be a cylinder. The surface area (Selectrode) and

volume (Veleetrode) Of the yarn were determined according to the formulas:
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Selectrode = TDL 3)

Vetectode = (=L 4)
where D is the diameter of the yarn and L is the length of the yarn. The specific
capacitances normalized to the area (Ca) were calculated by using the capacitance of

the electrode C divided by the area Seicctrode-

Fabrication and electrochemical characterization of asymmetric supercapacitors
The PVA/LiCI electrolyte was prepared with 6 g LiCl, 6 g PVA and 60 mL deionized
water at 90 °C. Two identical as-deposited yarns were immersed in the cooled
electrolyte solution for 5 min. Thereafter, the electrolyte wetted yarns were placed in
parallel and dried until gel solidification under ambient conditions. Finally, the solid-
state supercapacitor was obtained with the electrolyte also serving as a separator. The
performance of the assembled yarn supercapacitors was measured by CV and GCD in
a two-electrode configuration. Power (P) and energy densities (E£) of the yarn
supercapacitor were individually calculated according to ref. 25.

E=ZCl? (5)

P= (6)

~[mN

Results and discussion

Characterization of the positive electrode

The PEDOT@MnO:; nanostructure was grown on the stainless steel fiber directly via
an electrochemical deposition method. Scanning electron microscopy (SEM) images
(Fig. 1 and S1t) of the resulting sample show that the stainless steel fibers surrounded
by MnO: nanosheets are uniformly coated by PEDOT. Fig. 1d displays the Raman
spectrum of the as-prepared samples. Compared to the pristine stainless steel yarn (Fig.
Slct), the MnO; deposited yarn has three typical peaks at 500 cm™ , 560 cm™ and 645
cm! in agreement with previously reported MnO,. 26 Strong signals corresponding to
PEDOT are observed, while Raman peaks of MnO> are reduced, further confirming that
PEDOT was uniformly coated on the MnO, nanosheets. The corresponding XRD
patterns of the samples are shown in Fig. S2,F exhibiting only peaks pertaining to the
pristine stainless steel yarn. There are no obvious peaks of MnO», which are associated

with the amorphous structure of deposited MnO: in nature.?’



The electrochemical studies for the as-prepared PEDOT@MnO; electrode were
conducted in a three-electrode configuration. A 10 cm yarn electrode (effective area
~0.785 c¢cm? ) was dipped into 1 M LiCl solution at room temperature for a single
electrode test. The SCE reference electrode and Pt plate counter electrode were used in
the measurement. Fig. 2a and b show the cyclic voltammetry (CV) curves of the pristine
MnO; and PEDOT@MnO: electrodes collected at different scan rates. As expected, the
PEDOT@MnO:; electrode exhibited a considerably larger current density than the
pristine MnO; electrode, indicating a remarkable improvement of the electrochemical
capacitance after PEDOT deposition. This can be attributed to the synergistic effect
arising from MnO- and PEDOT nanostructures. The MnO> and PEDOT nanostructures
are uniformly deposited hierarchical structures which will facilitate the fully utilized
ionaccessible surface area of yarns.!> Moreover, the MnO, nanostructure contributes
predominately to the capacitance, and conducting PEDOT wrapped on the
nonconductive MnO: nanostructure provides a better conductivity for electron
transportation and also participates in the pseudocapacitive charge storage process. In
addition, from the CV curves of the PEDOT@MnO: electrode, the intensity of the
redox peaks increases with increasing sweep rate. Fig. 2c¢ shows the charge-discharge
(GCD) curves of the yarn electrode at different current densities. The nearly triangular
shape of the GCD curves indicates the good reversibility behavior of the
PEDOT@MnO: electrode.?® The relationship between the calculated areal capacitance
and discharge current density (Fig. 2d) indicates the excellent rate capability of the
electrode, which led to a capacitance retention of 55% as the current increased from 1

to 5 mA.

Characterization of the negative electrode

The C@Fe3;04 electrode was synthesized via a two-step electrodeposition followed by
a heat treatment process. First, the Fe3O4 precursor was electrodeposited directly on
conductive yarn, exhibiting a nanosheet structure (Fig. 3a and b). After the PEDOT
electrodeposition and heat treatment process, the surface of the yarn electrode becomes
much smoother (Fig. 3c), indicating that a carbon layer was uniformly coated on the

fiber. Raman spectroscopy was performed to gain insight into the chemical composition



of the yarn electrode (Fig. 3d). The Raman spectrum of Fe3Os shows characteristic
peaks at 318, 540, and 665 cm™! , corresponding to Fe304. 2 The absence of any further
peaks in the Raman spectra indicates the formation of pure Fe3O4 on the conductive
fiber. Except for the characteristic peaks of Fe304, the Raman spectrum of C@Fe;04
shows strong broad peaks at 1490 and 2950 cm™ , corresponding to amorphous
carbon.’®3! XRD results further confirm the as-prepared species (Fig. S3t). The
generation of amorphous carbon can be attributed to the relatively low temperature

treatment.3%-3!

Fig. 4 shows the electrochemical characterization of Fe;O4 and C@Fe304 coated fibers.
Based on the direct proportion between capacitance and integral area of CV curves, >33
a significantly better performance of the C@Fe;04 electrode compared to the Fe3Oy is
clearly seen (Fig. 4a and b). This can be ascribed to the uniform coating of the C film
on the Fe3O4 nanosheets. Typical GCD curves were plotted for the C@Fe3O4 electrode
with various current densities (Fig. 4c). The nearly triangular shape of the GCD curves
indicates its good reversibility behavior. Furthermore, capacitances were calculated
from the corresponding galvanostatic discharge curves following the equation C = It/U
(Fig. 4d). The electrode delivers a discharge capacity of 127 mF ¢cm™ at a current of 1
mA and a specific capacity of 60.74 mF cm™ at 8 mA, with a high capacity retention of

48%.

Solid-state asymmetric supercapacitor based on PEDOT@MnO; and C@Fe;04
yarn electrodes

The solid-state yarn ASC was fabricated with PEDOT@MnO: as the positive electrode
and C@Fe3;04 as the negative electrode using a gel electrolyte. In order to develop an
optimal PEDOT@MnO.//C@Fe304 asymmetric supercapacitor, a series of
comparative experiments were conducted (ESI Fig. S4 and S57). The optimal negative
(1.42 mg)/positive (1.27 mg) mass ratio of 1.12 from experimental results is slightly
less than the theoretical value of 1.4. This result is similar to previously reported studies
which suggested that the maximum electrochemical value for ASCs was obtained at a
lower positive/negative mass ratio (less than the q balance value).!*343¢ Fig. 5

demonstrates the CV curves of the optimized yarn ASC collected at 100 mV s and



GCD curves at a constant current of 1.8 mA with an operational voltage window
ranging from 0.8 to 2 V. The CV curves maintained their shape as the applied voltage
increased, indicating that the PEDOT@MnO,//C@Fe;04 ASC device is stable up to a
high voltage of 2 V. Furthermore, specific capacitance as a function of the operating
voltage window is displayed in Fig. S6.f The capacitance value increased with
increasing voltage window. Thus, an operating voltage window of 0 to 2 V was selected

for further electrochemical study of the yarn ASC.

CV curves of the solid-state ASC exhibit nearly rectangular shapes even with a scan
rate up to 500 mV s! (Fig. 6a), suggesting a good reaction reversibility and excellent
capacitive performance.’’ The specific capacitances of the yarn ASC calculated by
length, area and volume are 10.97 mF cm!, 73.21 mF ¢cm and 8.78 F cm™ at 20 mV
sh, respectively. The GCD curves at different currents are shown in Fig. 6b. The
coulombic efficiency of the assembled ASC is about 90%. This can be attributed to the
further irreversible oxidation of the active materials at high voltage.’®*° The quasi-
triangular shapes further confirm the excellent capacitive performance of the
PEDOT@MnO,//C@Fe304 yarn ASC. Fig. 6c demonstrates the calculated
capacitances based on the discharge curves. The yarn ASC achieved a high areal and
volumetric capacitance of 60 mF ¢cm? and 7.23 F cm™ at a current of 0.9 mA and
exhibited good rate performance with 65% retention of its original capacitance when
the current was increased to 3.6 mA. It should be noted that the capacitance of the
PEDOT@MnO,//C@Fe304 yarn ASC exhibits a capacitance increase in the first 50
cycles (Fig. 6d), which is attributed to the increased effective interfacial area between
electrode materials and the solid-state electrolyte, as well as the full activation of the
electrode.*'* A capacitance retention of 80% was obtained after 800 cycles. Most
reported studies on Mn// Fe ASCs or batteries suggested that the capacitance decay may
be related to the structural change caused by the mechanical expansion of active
materials during the ion insertion/deinsertion process or active-material detachment
from the electrode.*** From electrochemical impedance spectroscopy (EIS)
measurements (Fig. 6¢), the internal resistance, which intercepted with the real axis at
high frequency, is 6 Q. 47 The semicircle in the high frequency region represents the

charge transfer resistance of the yarn supercapacitor.*® The solid electrolytes always



bring ion-transfer issues which induce a larger resistance of solid-state yarn
supercapacitors compared to normal supercapacitor devices.*” Despite this, the value

of our yarn supercapacitor is much smaller than previously reported values.’%!

Energy and power densities are two important parameters to evaluate the energy storage
performance of supercapacitor devices. The total length, area and volume of the
fabricated yarn supercapacitor were estimated to be 10 cm, 1.5 cm? and 0.0125 cm?
respectively. Fig. 6d displays the Ragone plots of our yarn supercapacitor compared
with recently reported flexible yarn supercapacitors. A high energy density of 0.005
mW h cm! , 0.0335 mW h cm™? and 4.02 mW h cm™ was obtained based on the
discharge curves, respectively, which is considerably higher than those of previously
reported solid-state yarn supercapacitors, such as SWOCNT/PANINW fiber
supercapacitors by wet spinning (0.00056 mW h ¢m?),>? rGO-Ni—yarn supercapacitor
(0.0016 mW h ¢cm™ ),53 coaxial wet-spun yarn supercapacitors (0.00348 mW h cm
2,54 MnO2@TiN//N-MoO3.« fiber ASC (2.29 mW h cm™ ),>* and the PEDOT/CNT
yarn supercapacitor (1.4 mW h cm™ ), and is still comparable with that of all carbon

solid-state yarn supercapacitor (0.0065 mW h cm™).%’

In order to demonstrate the flexibility of our ASC device, a CV test was conducted at
different deformations, such as bending, knotting and winding (Fig. 7a). As shown in
Fig. 7b, the deformations have no obvious influence on the performance of the yarn
supercapacitor, revealing the remarkable flexibility of the solid-state ASC device.
Furthermore, two ASC devices, connected in series and knitted into a fabric,

successfully drive a LED (Fig. 7c).

Conclusion

In summary, we have successfully constructed a wearable, fiber-shaped ASC with a
high working voltage of 2 V. PEDOT@MnO: and C@Fe;04 composites were directly
coated on the stainless steel yarn to serve as the positive and negative electrodes,
respectively. With the use of a highly flexible, conductive yarn substrate, the obtained
yarn ASC shows good flexibility and can be deformed without performance decay.

Furthermore, the ASC exhibits an excellent areal specific capacitance of 60 mF cm



and an energy density of 0.0335 mW h c¢m™ , making it a promising energy storage

device for wearable electronic devices.
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Fig. 2 Electrochemical performance of PEDOT@MnO: in a three electrode cell. (a) CV
curves of pure MnO; at different scan rates from 10 to 100 mV s™! within a potential
range of 0 to 1.0 V (vs. SCE) in 1 M LiCl aqueous solution. (b) CV curves of the
PEDOT@MnO> composite electrode at different scan rates from 10 to 100 mV s . (¢)
Galvano-static charge and discharge curves of PEDOT@MnO: at different currents. (d)
Specific capacitances of PEDOT@MnO; calculated from GCD data in (c).
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Fig. 3 (a) and (b) SEM images of Fe3;O4 on a stainless steel fiber. (c) SEM images of
C@Fe304; the inset is the cross-section of the C@Fe304 coated yarn. (d) Raman spectra
of Fe;04 and C@Fe304 (inset shows the magnified view of Fe;O4 in the marked region).
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Fig. 4 Electrochemical performance of C@Fe3;O4 in a three electrodecell. (a) CV
curves of pure Fe3Oy at different scan rates from 10 to 250mV s™!. (b) CV curves of
the C@Fe304 composite electrode at different scan rates from 10 to 200 mV s, (¢)
GCD curves of C@Fe;04 at different currents. (d) Areal specific capacitance of
C@Fes04 calculated from GCD data in (c).

(a) 0.012 (b)
—08V 20
0.0084 —10V
g —12V 16
= 00044 —14V <
g g 12
5 0.000 £
[} < 08
-0.004- —sv] &=
—18V 0.4
-0.008+ —20V
0044
0.0 04 08 12 16 20 0 40 30 120 160
Potential (V) Time (s)

15



Fig. 5 (a) CV curves at 100 mV s and (b) GCD curves at a constantcurrent of 1.8
mA of the assembled solid-state ASC device collected atdifferent voltage windows.
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Fig. 6 (a) CV curves of the ASC device at various scan rates from 20 to 500 mV s!.
(b) GCD curves of the ASC device at different currents. (¢) Areal and volumetric
capacitance at different currents. (d) Cycling performance of the ASC at a current of
80% for 800 cycles. (e)Nyquist plots of the yarn ASC. (f) Energy and power densities

of the fabricated yarn ASC compared with recently reported yarn supercapacitors.
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Fig. 7 Flexibility tests of the PEDOT@MnO.//C@Fe304 yarn ASC. (a) CV curves
of the yarn ASC undergoing different deformations at a scanrate of 100 mV s'. (b)

Capacitance retention under various deformations. (c¢) Optical image of two 10
16



cm long PEDOT@MnO,//C@Fe304 yarn ASCs fabricated in series and knitted

into a wristband powering a LED.
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