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Herein, we introduce a high-performance and highly flexible asymmetric supercapacitor that is prepared
from metallic cotton threads coated with pseudocapacitive nanoparticles without the aid of carbon-
based conductive materials. In this study, Au nanoparticles are layer-by-layer assembled on highly
porous cotton threads using amine-functionalized molecular linkers in organic media for the preparation
of metallic cotton threads that can store a large amount of pseudocapacitive nanoparticles. The highly
porous metallic cotton threads exhibit exceptional electrical conductivity (~2.1 x 10* S cm™?, resistance
of ~0.1 Q@ cm™) and yet maintain the intrinsic flexibility of cotton. Using the same assembly method,
FezO4 and MnO nanoparticles are deposited onto the metallic cotton threads to prepare the anode and
the cathode, respectively, of the asymmetric supercapacitors, and furthermore, Au nanoparticles are
periodically inserted between the pseudocapacitive multilayers to facilitate charge transport. The
assembled all solid-state asymmetric supercapacitors with a unique structural design deliver a notable
areal energy density of 80.7 uyW h cm™ (at 172.5 yW cm™2) and a power density of 3450.1 pyW cm™ (at
53.7 pW h cm™2), exceeding the performance of conventional thread-type asymmetric supercapacitors.
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1. Introduction

Wearable electronic devices in connection with Internet of
Things (IoT) devices are increasingly penetrating our daily lives.
For example, smart garments, which consist of an advanced
pattern of functional wearable electronic devices, can potentially
be applied in sportswear, medical gowns, and military
uniforms.’™ For the sustainable development of these wearable
electronics, one of the most critical challenges is the preparation
of a power source that should have the following three well-
balanced features: (1) high electrochemical performance (e.g.,
a high power density, high energy density, and reliable cycling
life), (2) high mechanical flexibility, and (3) versatile fabrication
process.” ™ In this regard, flexible supercapacitors (SCs) have
been considered as one of the most promising candidates for
powering next-generation wearable electronic devices."*™ In
particular, one-dimensional SCs (1D-SCs) in the form of fibers or
threads have attracted considerable attention because of their
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metal and/or pseudocapacitive nanoparticle layers deposited.

excellent ability to be integrated into wearable electronic devices
with arbitrary shapes and flexibility, thereby enabling innovative
device design."®> For example, Qin et al. reported flexible solid-
state 1D-SCs with an energy density of 6.8 mW h cm ™, which is
much higher than that of other carbon-based 1D-SCs, using
nitrogen/oxygen-rich porous carbon fibers.>®

However, in most cases, carbon (mainly, carbon nanotube
(CNT))-based fiber electrodes require spin-based fabrication
techniques that use costly and sophisticated processes, and also
have substantial difficulty in satisfying the effective long-
distance electron transport required in the fiber or yarn
format because of their low electrical conductivity below
300 S cm™'. Furthermore, continuous weaving or knitting is
likely to induce mechanical fracture of the carbon yarns due to
the high tensile stress generated from the friction at the contact
area between the yarn and the knitting machine parts. To
overcome these issues and prepare high-performance 1D-SCs,
a variety of electrochemically active carbon materials and
pseudocapacitive (PC) materials have been assembled on metal
wires (Pt, Au, Ni, stainless-steel, or Cu wires).””** However, the
smooth surface of the metal wires limits the loading amount of
the PC materials despite their excellent electrical conductivity
and mechanical strength. Even though PC materials can be
densely coated onto the metal wires through additional treat-
ments, the increased amount of PC materials, which generally
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have insulating properties, notably diminishes the contribution
of the metal wires to the electrical conductivity, thereby
reducing the power density.”*** This typical trade-off between
the power density and the energy density is more pronounced in
1D-SCs than in two-dimensional (2D)- or three-dimensional
(3D)-SCs due to their smaller volume.

As an alternative, electroless metal deposition onto
commercial cotton or polyester yarns has been introduced as
a method to prepare current collectors for 1D-SCs (in particular,
the electrical resistance of electroless Ni-coated cotton yarn is
~2.2-1.3 Q cm™*).% For example, 1D-SCs with an extremely high
power density but relatively low energy density were prepared
using electroless Ni deposition on polyester or cotton yarns and
subsequent deposition of electrochemically active rGO onto the
Ni-coated polyester (areal energy density of ~1.6 uW h cm™>;
areal power density of ~2420 uW cm ™ %)* or Ni-coated cotton
fibers (volumetric energy density of ~6.1 mW h cm?; volu-
metric power density of ~1400 mW cm™*®).> However, the
electroless deposition method needs fine control of metal
precursor/reducing agent concentrations and dipping time for
depositing a uniform and homogeneous metal (or metal oxide)
layer onto the porous 1D-substrates, otherwise the agglomera-
tion of electroless deposition materials can block the porous
structure of the substrates with large surface areas. Addition-
ally, various high-energy PC nanomaterials, when compared to
CNTs or rGOs, are more difficult to incorporate into the elec-
troless metal-deposited 1D-fibers due to unfavorable mutual
interfacial interactions, which limit the preparation of 1D SCs
with high energy density.

In view of this, the control of the interfacial structure and
composition as well as of the affinity between the fibers
(including CNT yarns, metal wires, cotton, and polyester) and
the electrochemically active components is essential for further
improving the electrochemical performance and long-term
stability of 1D-SCs. Many research groups have demonstrated
that layer-by-layer (LbL) assembly based on complementary
interactions (i.e., electrostatic, hydrogen-bonding, or covalent
bonding interactions) between neighboring components
provides a simple route to the fabrication of functional multi-
layered films with controlled thickness, desired loading amount
and tailored chemical composition on substrates of various
sizes and shapes.*”~*° In most cases for preparing LbL assembly-
based SCs, electrostatically charged CNTs were mainly LbL-
assembled with oppositely charged carbon-based materials,
conducting polymers, or PC NPs onto 2D supports. Although
the LbL approach has not been employed for porous 1D
substrates for SC applications, we envision that 1D-SCs can be
systematically prepared through the LbL assembly of conduc-
tive metal and PC NPs on porous 1D substrates. Furthermore,
their performance can be significantly improved through the
fine control of the interfacial structures and the loading amount
of metal and PC NPs (only by deposition layer number) on the
substrates. In particular, if metal NPs (for the preparation of
conductive 1D current collectors) and PC NPs (for high energy
reservoirs) with diameters below 20 nm are LbL-assembled with
small organic linkers instead of bulky polymer linkers (or CNTs)
onto microporous 1D substrates, it is anticipated that these
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functional NPs will be uniformly coated on the whole region
ranging from the interior to the outer surfaces of the substrates
maintaining their porous structure.

Herein, we introduce a metallic cotton thread (MCT)-based
1D-asymmetric SC (ASC) with outstanding energy density,
high power density, natural cotton-like flexibility, large surface
area (due to its porous structure) and excellent operational
stability that was prepared using LbL-assembled metal NPs and
PC NPs without carbon-based materials or bulky polymer
linkers (Fig. 1). In our study, the porous cotton threads
composed of numerous cellulose fibrils with hydroxyl (OH)
groups have hydrogen-bonding interactions with amine-
functionalized organics, and resultantly can store a large
amount of conductive metal and PC NPs showing high affinity
with amine (NH,) groups through consecutive LbL assembly.
We first convert the insulating cotton threads to MCTs with
exceptional conductivity (~2.1 x 10* S em ™', resistance of ~0.1
Q ecm™ ") and cotton-like flexibility. This dramatic conversion is
achieved via a uniform and dense coating of 8 nm-sized Au NPs
on cotton threads through ligand-exchange LbL assembly
induced by amine-functionalized molecular linkers. It should
be noted that this electrical performance of the MCT outper-
forms that of electroless deposition- or carbon-based fibers.

On the surface of the formed MCTs, PC NPs such as 7 nm-
sized Fe;O0, and 10 nm-sized MnO NPs were LbL assembled
with the same organic molecules using chemically stable
covalent bonding interaction to prepare the 1D-anode and 1D-
cathode, respectively. The areal energy density of the MCT-
based 1D-SCs could be finely controlled by adjusting the
number of PC NP layers deposited. We further demonstrate that
control of the interfacial structure, that is, the periodic intro-
duction of metal NP layers between the insulating PC NP layers,
can significantly improve the electrochemical performance of
the 1D-SCs by facilitating electrical communication between the
PC NP layers. The assembled MCT-based 1D-ASCs exhibit
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Fig.1 Schematic illustration of the preparation of the MCT-based 1D-
ASCs via LbL assembly.
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a remarkable energy density (i.e., areal and volumetric energy
densities of 80.7 yW h em ™2 and 12.6 mW h cm 3, respectively),
high power density (i.e., areal and volumetric power densities of
3450.1 W cm ™2 and 537.7 mW em ™, respectively), and high
operational stability, outperforming the previously reported 1D-
ASCs. We also highlight that these energy performance indexes
can be further enhanced by increasing the number of PC NP
layers, and the resultant MCT-based 1D-ASC is stitchable while
maintaining the high mechanical flexibility of the natural
cotton threads.

2. Experimental section
2.1. Synthesis of TOABr-Au NPs

Tetraoctylammonium bromide (TOABr)-stabilized Au nano-
particles (NPs) with a diameter of 8 nm were synthesized in
toluene using a two-phase reaction.”® Gold(m) chloride trihy-
drate (Sigma-Aldrich) in deionized water (30 mmol L™, 30 mL)
and TOABr in toluene (20 mmol L™, 80 mL) were mixed under
vigorous stirring. NaBH, (Sigma-Aldrich) in deionized water
(0.4 mol L™, 25 mL) was added to the above mixture. After 3 h,
the mixture was repeatedly washed with H,SO, (0.1 mol L™1),
NaOH (0.1 mol L"), and deionized water. TOABr-Au NPs in
toluene were finally obtained after the separation of the
aqueous solution.

2.2. Synthesis of OA-Fe;0, NPs

Oleic acid (OA)-stabilized Fe;O, NPs with a diameter of 7 nm
were obtained in toluene through a thermal reaction.*® Fe(acac);
(2 mmol, Sigma-Aldrich), 1,2-hexadecanediol (10 mmol, Alfa
Aesar), oleylamine (6 mmol), OA (5 mmol), and benzyl ether (20
mL) were mixed and stirred under a nitrogen atmosphere. The
mixture was heated to 200 °C for 2 h and then refluxed (~300 °C)
for 1 h. The black mixture was cooled to room temperature.
Ethanol (40 mL) was added to the black solution, and the solid
was separated via centrifugation. The product was dissolved in
hexane containing OA (0.05 mL) and oleylamine (0.05 mL). OA-
Fe;0, NPs (black-brown powder) were obtained through repet-
itive purification of the product solution using centrifugation
(6000 rpm, 10 min).

2.3. Synthesis of OA-MnO NPs

OA-MnO NPs with a diameter of 10 nm were obtained in
toluene as previously reported.”® Manganese(u) chloride tet-
rahydrate (40 mmol, Sigma-Aldrich), sodium oleate (80 mmol,
TCI Co., Ltd.), ethanol (30 mL), n-hexane (70 mL), and
deionized water (40 mL) were stirred at 70 °C for 12 h. Evap-
oration of the solution produced a Mn oleate powder (pink
color). The Mn oleate powder (1.24 g) was mixed with 1-hex-
adecene (12.8 mL) at 70 °C for 1 h. The solution was then
heated to 280 °C at a heating rate of 1.9 °C min " under
a nitrogen atmosphere and maintained at that temperature
for 10 min. The resultant solution was cooled to room
temperature. OA-MnO NPs were obtained after purifying the
solution using centrifugation.

This journal is © The Royal Society of Chemistry 2018
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2.4. Fabrication of the metallic cotton thread (MCT)

Commercial cotton thread with a diameter of 230 pm was dip-
ped into a solution of tris(2-aminoethyl) amine (TREN) (M,, ~
146) in ethanol (1 mg mL™") for 30 min, after which it was
washed with pure ethanol to remove the weakly absorbed TREN
and dried in air. The TREN-coated cotton thread was immersed
in a solution of TOABr-Au NPs in toluene (10 mg mL™") for
30 min, after which it was washed with pure toluene and dried
in air. These procedures were repeated until the desired elec-
trical conductivity was obtained.

2.5. Fabrication of the m-PC-Au NP/MCT electrode

The (TREN/pseudocapacitive NP)s and (TREN/TOABr-Au NP),
multilayers were alternatingly deposited onto the MCTs using
the same LbL assembly method described above until the
desired number (m) of pseudocapacitive NP layers was
deposited.

2.6. Materials characterization

The crystallinity of the PC NPs was investigated by high-
resolution transmission electron microscopy (HR-TEM, Tec-
nai20). The adsorption mechanism of the LbL-assembled
multilayers was investigated by Fourier transform infrared
(FTIR) spectroscopy in specular mode (Cary 600 spectrometer,
Agilent Technologies). The growth of the LbL-assembled
multilayers was monitored using UV-Vis spectroscopy
(Lambda 35, Perkin Elmer) and a quartz crystal microbalance
(QCM) (QCM 200, SRS). The mass change after each adsorption
step was calculated from the change in the QCM frequency
using the Sauerbrey equation.* The surface and cross-sectional
morphologies of the MCT electrodes were characterized by field
emission scanning electron microscopy (FE-SEM) (Hitachi, S-
4800). X-ray photoelectron spectroscopy (XPS) was conducted
using an X-TOOL (ULVAC-PHI) equipped with an Al K, X-ray
source (1486.6 eV, 24.1 W, 15 kV).

2.7. Assembly of the solid-state MCT-ASC

The gel electrolyte was prepared by mixing Na,SO, (1.7 g) with
polyvinyl alcohol (PVA) (6 g) and deionized water (60 mL) at
90 °C for 1 h under vigorous stirring until the mixture became
clear. The negative and positive electrodes were immersed in
the cooled PVA/Na,SO, gel for 5 min. Thereafter, the electrodes
were placed parallel to each other and dried under ambient
conditions until the gel solidified.

2.8. Electrochemical measurements

All the electrochemical measurements were performed with an
Ivium-n-Stat system (Ivium Technologies). The electrochemical
properties of the m-PC-Au NP/MCT and m-PC NP/MCT elec-
trodes were evaluated in a three-electrode system composed of
a Pt wire (counter) and Ag/AgCl (reference) electrode in a 1 M
Na,S0, electrolyte. EIS was performed over a frequency range
from 100 kHz to 0.1 Hz with a potential amplitude of 0.01 V.
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2.9. Calculation of the electrochemical capacitance

The electrochemical capacitance (C) was calculated from the
cyclic voltammetry (CV) or galvanostatic charge/discharge
(GCD) curves using the following equations: C = [i(V)dV/2vAV
or C = IAt/AV, where i is the current during the CV measure-
ment, v is the scan rate of the CV curve, AV is the operating
voltage window, I is the discharge current during GCD, and At is
the discharge time during GCD. For the three electrode system,
the areal capacitance (C,), volumetric capacitance (Cy), length
capacitance (Cp), and mass capacitance (Cy) were calculated
according to the equations: C, = C/A, Cy = C/V, Cy, = C/L, and
Cum = C/M, where A is the surface area, V is the volume, L is the
length, and M is the mass of the whole electrode (cotton thread
+ active materials). A and V were calculated according to
the equations: A = wD x L and V = ©t(D/2)* x L, where D is the
diameter of the electrodes. For the two electrode system, the
capacitances (C.p) of the asymmetric supercapacitor were
calculated according to the equations: Ceena = C/Acell, Ceel,v =
C/Veen, Ccell,L = C/Lcen, and Ccell,M = C/Mcen, where Acen is the
surface area, Vi is the volume, L. is the length, and M, is
the mass of the total device without the electrolyte. The
coulombic efficiency (n) was calculated as: n = gqa/q. = Itq/It.,
where g4 and g, are the total amounts of discharge and charge
of the capacitor from GCD, I is the current density, and ¢4 and ¢.
are the discharge and charge times. Energy (E), power (P), and
maximum power density (Py.x) were calculated from the gal-
vanostatic discharge profiles using the following equations:*
E = CAV?/7200, P = E x 3600/At, and Py, = V*/4RB, where C is
the capacitance calculated from the galvanostatic discharge
profiles and R is the resistance determined from AiR/2i. AiR is
the voltage drop between the first two points, and i is the
applied current in the galvanostatic discharge profile.

3. Results and discussion

The organic linker tris(2-aminoethyl) amine (TREN) (M, of
TREN ~ 146) in alcohol was LbL assembled with tetraocty-
lammonium bromide (TOABr)-stabilized Au NPs having
a diameter of ~8 nm (TOABr-Au NPs) in toluene on commercial
cotton threads with a diameter of 230 ym to form MCTs
(denoted as (TREN/TOABr-Au NP),/cotton) (Fig. S11). When the
TOABr-Au NPs were deposited onto the TREN-coated cotton,
the bulky and hydrophobic TOABr ligands that were loosely
bound to the surface of the Au NPs were easily replaced with
TREN due to the higher affinity between the amine (-NH,)
groups of TREN and the surface of the Au NPs than between the
ammonium groups of the TOABr ligands and the surface of the
Au NPs, thereby inducing direct covalent bonding between the
bottom surface of the Au NPs and the NH, groups of TREN.
Although the TOABr ligands remained on the top surface of the
Au NPs after this step, the subsequent deposition of TREN
eliminated these residual TOABr ligands. This adsorption
mechanism of the ligand-exchange LbL method was demon-
strated using the Fourier transform infrared (FTIR) spectra of
the (TREN/TOABr-Au NP), multilayer as a function of the
bilayer number (n) (Fig. 2a and S2t). The C-H stretching peaks
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(2850 and 2927 cm ') of the bulky TOABr ligands bound to the
surface of the Au NPs and the N-H bending peaks (1546 and
1652 cm™ ') of TREN were observed from the 1 bilayer of TREN/
TOABr-Au NP. When TREN was deposited onto the 1 bilayer
film on the outermost TOABr-Au NP layer, the intensities of the
C-H stretching peaks decreased, while those of the N-H
bending peaks increased. Note that the organic layer existing
between adjacent Au NP layers in the (TREN/TOABr-Au NP),
multilayer structure consists of only TREN molecules. This
adsorption mechanism of Au NPs based on the ligand exchange
reaction with TREN can decrease the distance between Au NPs,
allowing the formation of densely packed Au NP arrays on the
cotton threads.

Additionally, when the (TREN/TOABr-Au NP),, multilayers
were LbL assembled on the cotton threads, the Au NPs were
uniformly and homogeneously coated on the whole fibril surface
without any aggregation, thereby preserving the highly porous
structure of the original cotton threads, as determined by field-
emission scanning electron microscopy (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping (Fig. 2b and S37).
The high quality of this coating was also confirmed by the
adsorption behavior, the surface morphology, and the X-ray
photoelectron spectroscopy (XPS) analysis of the (TREN/
TOABr-Au NP),, multilayers deposited onto nonporous
substrates (Fig. S4 and S51). With an increase in the bilayer
number (n) from 0 to 20, the total loading amount per length of
the (TREN/TOABr-Au NP), multilayers increased up to 0.49
mg cm ', exhibiting a linear growth trend (Fig. 2c). In this case,
the mass density of the 20-bilayer-coated cotton was calculated
to be 2.81 g em > (for comparison, the mass densities of bare
cotton and pure Au wire are 1.64 g em > and 19.3 g em ?,
respectively). Additionally, the mass ratios of the Au NPs
embedded between the multilayers were measured to be ~98
and ~91% by thermogravimetric analysis (TGA) and XPS,
respectively (Fig. S5 and S61). The difference in the values
obtained by TGA and XPS was attributed to the amount of
thermally decomposed ash of the organic components (ie.,
TREN and TOABr). Consequently, the total loading amount of Au
NPs within the (TREN/TOABr-Au NP),, multilayer-coated
threads was approximately 0.45 mg cm™ .

The Au NP multilayers with minimized Au interparticle
distances (ie., only a TREN layer between Au NPs) exhibited
a dramatic change in electrical properties with increasing
bilayer number (Fig. 2d). As the bilayer number (n) increased
from 5 to 120, the electrical conductivity of the (TREN/TOABr-
Au NP),, multilayer-coated cotton threads (n-MCTs) significantly
increased from 90 to 2.1 x 10* S cm™"', whereas the length
resistance decreased from 25 to 0.12 Q cm ™. Furthermore, the
initial electrical conductivity (~4.9 x 10> S cm ™', length resis-
tance of ~0.48 Q cm™ ') of 150 cm-long (TREN/TOABr-Au NP),,-
coated cotton threads stitched onto textiles was maintained
even after repeated mechanical deformation for 5000 cycles,
suggesting that the stitchable thread can be used as a highly
stable electrical conductor (Fig. 2e and f). Although NH,-func-
tionalized polymers such as poly(ethylene imine) (PEI, M,, ~
8000) can also be LbL assembled with TOABr-Au NPs onto
cotton threads through the same ligand exchange reaction, the

This journal is © The Royal Society of Chemistry 2018
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interparticle distance between Au NPs significantly increases
due to bulky polymer linkers compared to the small TREN
linker, resulting in high contact resistance (i.e., low electrical
conductivity) (Fig. S7t). Furthermore, the charge transfer
properties of TREN linker-based electrodes were analyzed using
Nyquist plots. As shown in Fig. S8,7 the internal and charge
transfer resistances of (TREN/TOABr-Au NP),, were signifi-
cantly decreased compared to those of (PEI/TOABr-Au NP),,.
These results clearly imply that both the size of the organic
linker and the ligand exchange reaction have a significant effect
on the electrical conductivity and charge transfer resistance of
the Au NP multilayer-coated cotton threads.

Based on these results, we prepared high-performance 1D-
SCs by depositing PC NPs with high energy onto the MCTs
which play the role of a conductive framework for the active

This journal is © The Royal Society of Chemistry 2018

materials (hereafter, MCTs are designated as (TREN/TOABr-Au
NP),o-coated cotton threads). To deposit PC NPs onto MCTs,
oleic acid (OA)-stabilized Fe;O, NPs with a diameter of
approximately 7 nm and OA-stabilized MnO NPs with a diam-
eter of approximately 10 nm were prepared and dispersed in
toluene, as previously reported®»* (Fig. S9t). These OA-Fe;0,
and OA-MnO NPs were LbL assembled with TREN on the MCTs
through a ligand exchange reaction between the carboxylic
group of the OA ligand bound to the surface of the PC NPs and
the NH, group of TREN to prepare a 1D-anode and 1D-cathode,
respectively. The success of these ligand exchange reactions was
demonstrated by FTIR analysis (Fig. 3a). When OA-Fe;O, NPs
were deposited on the TREN-coated substrate (i.e., 0.5 bilayer),
the OA ligands loosely bound to the surface of the Fe;O, NPs
were replaced with TREN due to the high affinity between the
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amine (-NH,) groups of TREN and the surface of the PC NPs
(e.g., Fe30,4, MnO NPs). Additionally, the unremoved OA ligands
on the top surface of the Fe;0, NPs (i.e., 1 bilayer) were elimi-
nated by the subsequent deposition of TREN (i.e., 1.5 bilayer).
Therefore, the alternating deposition of TREN and OA-Fe;0,
NPs produces periodic changes in the intensity of the C-H
stretching peaks (2853 and 2925 cm™') originating from the
long aliphatic chains of the OA ligands bound to the surface of

20426 | J. Mater. Chem. A, 2018, 6, 20421-20432

the Fe;O, NPs. This assembly mechanism is equally applicable
to the OA-MnO NP-based multilayers [i.e., (TREN/OA-MnO
NP),,] that are employed as the positive electrodes in this study
(the details will be discussed later). It should be noted that this
ligand-exchange LbL assembly based on a mild and simple
dipping process enables stable covalent bonding between metal
oxide NPs and the amine-functionalized linker, TREN [i.e., OA-
Fe;0,4 (or OA-MnO)-NH,, bonds] (Fig. S107).
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One of the most notable advantages of our approach is that
the interfacial structure between the Au NPs and PC NPs can be
easily controlled by adjusting the order and number of multi-
layers (Fig. 3b), and resultantly, the electron transfer properties
of the multilayered electrodes can be controlled. To demon-
strate this controllability, conductive Au NP layers (i.e., Au NPs
after ligand exchange from TOABr to TREN) were periodically
inserted between the PC NP layers to promote electron transfer
to the neighboring PC NP layers (Fig. 3c). That is, [(TREN/OA-
Fe;0, NP)5/(TREN/TOABr-Au NP);],/(TREN/OA-Fe;0, NP); (i.e.,
40-Fe;0,~Au NP) multilayers composed of 40 Fe;0, NP layers
and 21 Au NP layers were LbL assembled on the MCTs. We
confirmed that the 40-Fe;0,-Au NP multilayers were uniformly
deposited on the MCTs, as shown in the EDS maps (Fig. 3d).
Additionally, (TREN/OA-Fe;0, NP),, multilayers without Au NPs
(40-Fe;0, NP) were also deposited on the MCTs for the
comparison of their electron transfer properties with those of
40-Fe;0,-Au NP/MCT. The loading amount of the 40-Fe;0, NPs
per length of the MCT was measured to be approximately
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0.31 mg ecm ' by TGA (Fig. S111). These two different multi-
layered structures provide a good model system for under-
standing the role of the Au NPs inserted between the PC NP
layers in the observed electrochemical performance.

The electrochemical properties of Fe;O, NP multilayer-
coated MCTs with a fixed length of 1.5 cm were evaluated
with a three-electrode system in the potential range of —0.9 to
0.1 V (vs. Ag/AgCl) at a scan rate of 5 mV s~ ' in 1 M Na,SO,
electrolyte. The current originating from the double layer
capacitance of the Au NPs within the MCTs was found to be
negligible. The cyclic voltammetry (CV) scan of the 40-Fe;0,-Au
NP/MCT electrode with periodically inserted Au NP layers
exhibited a higher current level with more evident redox peaks
than that of the 40-Fe;0, NP/MCT electrode (Fig. 4a). The redox
peaks in a neutral electrolyte such as Na,SO, can be attributed
to the reversible valence change of Fe in the extended potential
window of —0.9 to 0.1 V (Fig. S12}).***” Considering the fact that
the double layer capacitance of Au NPs is much smaller than the
pseudocapacitance of Fe;O, NPs, the notable increase in the
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Fig. 4 (a) CV scans of the MCT, 40-Fes04 NP/MCT, and 40-FesO4—Au NP/MCT electrodes at a scan rate of 5 mV s~ (b) Nyquist plots of the
40-FesO4 NP/MCT and 40-FesO4—Au NP/MCT electrodes. (c) Areal and volumetric capacitances of the m-FesO, NP/MCT and m-FezO4-Au

NP/MCT electrodes as a function of the total Fe3O4 NP layer number (m) at a scan rate of 5mV's

~1 (d) Areal and volumetric capacitance of the

40-Fe3;0,4 NP/MCT and 40-FezO4—Au NP/MCT electrodes with increasing scan rate from 5 to 500 mV s~ %,
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electrochemical response of the 40-Fe;0,-Au NP/MCT electrode
suggests that the periodically inserted Au NP layers between the
TREN/OA-Fe;0, NP multilayers facilitate effective pseudoca-
pacitive charge storage in the Fe;O, layers by providing favor-
able electron transfer paths. To better clarify this possibility, the
internal resistances of the 40-Fe;0, NP/MCT and 40-Fe;O0,-Au
NP/MCT electrodes were investigated by electrochemical
impedance spectroscopy (EIS). As shown in Fig. 4b, the equiv-
alent series resistance (ESR) values of the 40-Fe;0, NP/MCT and
40-Fe;0,-Au NP/MCT electrodes were approximately 17.3 and
8.3 Q, respectively. These results strongly imply that the peri-
odically deposited Au NPs can facilitate electron transfer
between the electrodes despite the high mass loading of PC NPs
with poor conductivity.

Based on the CV results, we quantitatively evaluated the areal
and volumetric capacitances of the 40-Fe;0, NP/MCT and 40-
Fe;0,-Au NP/MCT electrodes (for the anode) (Fig. 4c). Although
the areal and volumetric capacitances of the two different elec-
trodes increased with the increasing number of OA-Fe;O, NP
layers, the m-Fe;O,~Au NP/MCT electrode exhibited more
significant increases in the areal and volumetric capacitances
than the m-Fe;0, NP/MCT electrode without Au NPs. In partic-
ular, the areal, volumetric, length and mass capacitances of the
40-Fe;0,-Au NP/MCT electrode at a scan rate of 5 mV s~ * were
approximately 282.5 mF cm 2, 44 F cm ®, 22.6 mF cm ™, and
12.1 F g~ respectively; thus, this electrode outperformed the 40-
Fe;0, NP/MCT electrode (areal capacitance of 100.9 mF cm ™2,
volumetric capacitance of 15.7 F cm?, length capacitance of
8.1 mF cm ™', and mass capacitance of 5.7 F g~ " at the same scan
rate). The capacitance from CV was divided by the surface area,
volume, length, and mass of the whole electrode (cotton thread +
active materials). Another notable feature of this approach is
that the capacitance of the MCT-based electrodes can be further
increased and precisely controlled by adjusting the layer number
of PC NPs, as evidenced by the observation of a linear relation-
ship between the capacitance and layer number () of Fe;O, NPs
(Fig. S131). We also highlight that the loading amount of Fe;0,
NPs (or Fe;0,-Au NPs) deposited on the inner and outer surfaces
of the highly porous MCTs linearly increases with the layer
number (m) of Fe;0, NPs without a meaningful increase in the
total electrode volume (Fig. S1471). Thus, the volumetric capaci-
tance normalized by the total volume of the m-Fe;O,-Au NP/
MCT electrode also increased linearly with the increasing layer
number (m) of the Fe;0, NPs (Fig. 4c). Furthermore, the 40-
Fe;0,-Au NP/MCT electrode maintained typical PC behavior up
to a relatively high scan rate of 500 mV s, implying its excellent
rate capability (Fig. S15F). Although the areal and volumetric
capacitance values gradually decreased with the increasing scan
rate, the capacitance values of the 40-Fe;0,-Au NP/MCT elec-
trode were far superior to those of the 40-Fe;0, NP/MCT elec-
trode due to its enhanced electrical conductivity (Fig. 4d). Using
the same ligand-exchange LbL method, we also prepared m-MnO
NP/MCT and m-MnO-Au NP/MCT cathodes with a length of
1.5 cm. The MnO NP-based electrodes exhibited rectangular PC
behavior in the potential range of 0 to 0.9 V (vs. Ag/AgCl)
(Fig. S167). In the case of the 40-MnO-Au NP/MCT electrode,
the ESR and areal, volumetric, length, and mass capacitance
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values were approximately 5.9 Q, 295.8 mF cm 2, 46 F cm ™3,
23.6 mF em ™', and 13 F g7, respectively, at 5 mV s~ .

Based on these results, we prepared a 1D-ASC incorporated
with Au NPs composed of a 40-Fe;0,-Au NP/MCT anode and 40-
MnO-Au NP/MCT cathode (i.e., 40-Fe;0,~Au NP/MCT//40-
MnO-Au NP/MCT) based on their characteristic potential
regions (Fig. 5a and S177). In this case, poly(vinyl alcohol) (PVA)
containing 0.2 M Na,SO, was used as a solid electrolyte for the
1D-ASCs with a length of 1.5 cm. The potential-dependent CV
scan of the 1D-ASCs incorporated with Au NPs measured at
a scan rate of 20 mV s~ * displayed a quasi-rectangular shape up
to 1.8 V (Fig. 5b). This stable charge storage behavior was also
confirmed by the galvanostatic charge/discharge (GCD) curves
(Fig. S181). In addition, the quasi-rectangular CV and quasi-
symmetric triangular GCD curves of the 1D-ASC incorporated
with Au NPs obtained at high sweep rates (i.e., a scan rate of
200 mV s~ and a high current density of 6.0 mA cm™?) reveal
the excellent rate capability of the 1D-ASC (Fig. 5c¢ and d).
Specifically, the areal capacitance and coulombic efficiency of
the 1D-ASC incorporated with Au NPs were calculated from the
GCD profiles (Fig. 5e and S$19f). The areal capacitance
decreased from 179.2 mF cm > (volumetric capacitance of
~27.9 F cm 3, length capacitance of 28.6 mF cm™ ', and mass
capacitance of 7.8 F g~') to 119.3 mF cm > (18.6 F cm >,
19.1 mF cm ™', and 5.2 F g~ ') with an increase in the current
density from 0.3 to 6.0 mA cm >. Additionally, the 1D-ASC
incorporated with Au NPs showed a low coulombic efficiency
of 66% at a low current density of 0.3 mA cm ™2 presumably due
to the irreversible faradaic reactions leading to current leakages
in the low current density region (Fig. S191).***° However, the
coulombic efficiency quickly increased up to ~96% with an
increase in the current density (Fig. S1971).

Note that the EIS measurements of the 1D-ASC incorporated
with Au NPs exhibited a relatively low ESR value (37.5 Q)
compared to that of the 1D-ASC without Au NPs (i.e., 40-Fe;0,
NP/MCT//40-MnO NP/MCT) (48.9 Q) (Fig. S207). These results
clearly show that the periodic insertion of Au NP layers between
the PC NP multilayers notably enhanced electron transport
within the 1D-ASC electrode, resulting in a low total internal
resistance for the devices. Additionally, the 1D-ASC incorpo-
rated with Au NPs retained 92.3% of its initial capacitance after
5000 cycles (based on GCD measurements) (Fig. 5f), confirming
the operational stability of the MCT-based 1D-ASC.

The energy and power densities of MCT-based 1D-ASCs (i.e.,
40-Fe;0,-Au NP/MCT//40-MnO-Au NP/MCT) with a length of
1.5 cm were evaluated using galvanostatic discharge profiles.
The Ragone plot shows the calculated areal energy density (E)
and power density (P,) of the 1D-ASCs incorporated with Au NPs
at the given current density along with the corresponding values
for solid-state fiber (or thread)-type ASCs reported by other
research groups (Fig. 5g).°*?*3*3¢6063 The highest E, and P,
values of the MCT-based 1D-ASCs were 80.7 yW h cm ™2 at 172.5
uW cm > and 3450.1 W cm 2 at 53.7 uW h cm ™2, respectively.
Furthermore, the maximum power density was 41.4 mW c¢cm >
at 6.0 mA cm ™2, as calculated from the resistance of the MCT-
based 1D-ASCs (see the method);** thus, the MCT-based 1D-

ASCs outperformed the previously reported 1D-ASCs
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Fig. 5 (a) Schematic of the 1D-ASCs incorporated with Au NPs. (b) CV scans of the 1D-ASCs incorporated with Au NPs tested over different
voltages from 0.8 to 1.8 V at a scan rate of 20 mV s~ 2. (c) CV scans of the 1D-ASCs incorporated with Au NPs with the increasing scan rate from 5
to 200 mV s7L. (d) GCD curves of the 1D-ASCs incorporated with Au NPs at different current densities from 0.3 to 6.0 mA cm™2. (e) Areal and
volumetric capacitances of the 1D-ASCs incorporated with Au NPs at different current densities. (f) Cycling stability of the 1D-ASCs incorporated
with Au NPs at a current density of 6.0 mA cm™2. (g) Ragone plots of the areal energy and power density of the 1D-ASCs incorporated with Au NPs
compared with those of the solid-state fiber (or thread)-type SCs reported by other research groups.
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Fig. 6 (a) Capacitance and areal energy density of the 1D-ASCs incorporated with Au NPs at a current density of 0.8 mA cm™2 as a function of
their length. (b) GCD curves of the 1D-ASCs incorporated with Au NPs stitched onto a fabric glove under various deformation conditions. (c)
Capacitance retention of the 1D-ASCs incorporated with Au NPs versus the bending number.
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(especially in terms of the areal energy density) (Table S17).
Additionally, the volumetric energy density (Ey) of the device
changed from 8.4 to 12.6 mW h cm " (the length energy density,
Ep, changed from 8.6 to 12.9 uyW h cm™'; the mass energy
density changed from 2.2 to 3.4 W h kg™") in the volumetric
power density (Py) range of 537.7-26.9 mW cm ™ (correspond-
ing to a length power density, Py, of 552.1-27.6 uW cm ™" and
a mass power density of 144.1-7.2 W kg™') (Fig. S21%). As
mentioned earlier, this energy storage performance could be
further improved by increasing the bilayer number.

We also investigated the total capacitance and E, as a func-
tion of the length of the 1D-ASCs incorporated with Au NPs at
a fixed current density of 0.8 mA cm > (Fig. 6a). With an
increase in the length from 1.5 to 20 cm, the total capacitance
increased from 40.5 to 437.3 mF. Significantly, the high energy
density of 76 uW h cm™? at 1.5 cm was maintained at 72.1 uyW h
cm?at 10 cm, and a high energy density of 61.5 yW h cm™ > was
still exhibited even at 20 cm. In addition to the length perfor-
mance of the thread-type 1D-ASCs, the capability to withstand
mechanical deformation is considered as another important
factor of the performance. As shown in Fig. 6b, MCT-based 1D-
ASCs were first stitched to fabric gloves, and their electro-
chemical properties were investigated under various mechan-
ical deformation conditions using GCD measurement. The
typical triangular-shaped GCD profiles of the 1D-ASCs at 0.8 mA
cm? remained almost unchanged under a variety of external
deformation conditions, including bending and/or twisting. We
also observed that 97.5% of the initial capacitance value was
maintained after bending tests for 1000 cycles (Fig. 6¢). Based
on these results, the MCT-based 1D-ASCs exhibited remarkable
energy storage performance with good operational stability
while maintaining stitchable flexibility.

4. Conclusions

We have demonstrated the fabrication of a high-performance
stitchable 1D-ASC with remarkable energy/power density, fast
rate capability, and good operational stability by using highly
flexible, porous, and conductive MCTs coated with PC NP
multilayers. In particular, the ligand-exchange LbL assembly of
TOABr-Au NPs and TREN linkers vertically bridged all the
interfaces between the Au and PC NPs, and between the cotton
threads and Au NPs without the use of inactive polymer binders
or linkers. This approach facilitated charge transport between
neighboring NPs and furthermore provided systematic control
of the interfacial structure and loading amount of Au and PC
NPs. Therefore, the MCTs used in our system could serve as an
excellent energy reservoir for integrating PC NPs and as a 1D
substrate with metal-like conductivity. The periodic deposition
of Au NPs into the PC NP multilayers with poor conductivity
further enhanced the energy storage performance over that of
the PC multilayers without Au NPs. The assembled 1D-ASCs
with a structural design of (40-Fe;0,~Au NP/MCT)//(40-MnO
NP-Au NP/MCT) exhibited a notable areal energy density of
80.7 uW h cm™? (at 0.3 mA cm ?), exceeding those of the
conventional thread-type ASCs reported to date. We revealed
that this performance could be further enhanced by increasing

This journal is © The Royal Society of Chemistry 2018

View Article Online

Journal of Materials Chemistry A

the layer number (i.e., loading amount) of Au NPs and/or PC
NPs. Considering the fact that low energy density is one of
the most critical issues in the field of 1D-ASCs, our approach of
using LbL-assembled MCTs can provide a basis for developing
and designing high-performance 1D-ASCs and furthermore
be widely applied in various electrochemical applications
requiring flexibility.
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